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Plant metabolism is a complicated network consisting of primary and 
secondary metabolic pathways. The metabolome of a living plant is not only the 
result of the genome and proteome but also a physiological reflection of its 
environment. Plant secondary metabolism provides humans a variety of 
interesting and useful compounds, such as food additives, pigments, insecticides, 
flavors, and medicines. In order to improve the availability of these natural 
products for human use, great efforts have been made to study the regulation of 
plant secondary metabolism. Many methods are used to manipulate important 
secondary metabolic pathways in plants, such as hormone elicitation, precursor 
feeding, environmental stress and genetic modification. However, pathways do 
not operate alone but always interact with others in the endogenous metabolic 
network. Engineering one metabolic pathway might also affect others, and thus 
sometimes modification of a single pathway doesn’t really work.  
The terpenoid indole alkaloid (TIA) pathway in Catharanthus roseus is an 
extensively studied secondary metabolic pathway because of the high value of 
some TIAs used as medicines. Catharanthus roseus is a species belonging to 
family Apocynaceae and produces a variety of TIAs. TIAs are an important 
group of compounds, several of which have important pharmacological 
activities and some are applied as medicines such as the anticancer agents 
vinblastine and vincristine. As C. roseus is the only source of these natural 
anticancer medicines, regulation of TIA biosynthesis in this plant has been 
extensively explored. However, plant developmental stage, tissue differentiation 
and compartmentation all affect TIA biosynthesis in C. roseus. Different 
strategies have been implemented to improve their industrial production, such 
as application of various plant growth hormones, growth and production 
medium optimization, cell line selection, elicitation, precursors feeding and 
environmental factors (light, UV, temperature, salts) (El-Sayed and Verpoorte, 
2007; Zhao and Verpoorte, 2007; van der Heijden et al., 2004; Moreno et al., 
1995). Chemical synthesis of the TIA is too complex for a commercially viable 
process. But semisynthesis of the dimeric antitumor alkaloids, following a 
biomimetic approach to couple the two monomers catharanthine and vindoline 
has been patented and is in fact nowadays the major production method for the 
vinblastine/vincristine type alkaloids. 
 In the past decades biotechnological production has been explored 
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extensively. Though the growth of both cell suspension cultures and hairy roots 
in large scale bioreactors has been achieved, these systems do not produce the 
desired dimeric alkaloids. They do produce TIAs, but one of the monomers 
needed for the production of the vinblastine type of alkaloids, vindoline, is not 
produced in the in-vitro cultures. In fact this alkaloid requires one biosynthetic 
step that only occurs in functional chloroplasts. TIA biosynthesis in C. roseus is 
a highly complex process involving at least three different cell types and all 
their cellular compartments, which means that also transport is an important rate 
limiting step in the TIA biosynthesis. In in-vitro cell cultures it might be 
difficult to achieve control over all these factors by metabolic engineering. 
Therefore engineering the whole plant is an interesting option, as all 
components of the biosynthesis are active in the plant, and thus identification of 
possible bottlenecks could lead to novel approaches to improve alkaloids 
production. But it is clear that there is no simple answer to the question how to 
enhance TIA production, and especially of dimeric indole alkaloids. A lot of 
questions remain to be solved, such as how to control the metabolic fluxes 
related to the pathway of interest, overcome the limitations of inter- and 
intracellular compartments (transport, localization, storage), elucidate the 
complete iridoid pathway on the level of intermediates, enzymes and genes, and 
explore the competition with other metabolic pathways. Only a 
multidisciplinary approach might be able to address all these questions.  
Metabolomics is a powerful tool to study in a systemic way the biology 
and biochemistry of the plant cells. Genome and proteome may tell us why, 
where and how things will happen, whereas metabolomics shows us what 
happened. But these methods give us only pictures, at best in the three 
dimensions of space, the dimension of time requires the measurement of the real 
time events, that means measuring metabolic flux analysis (MFA) based on 
13
C-labeling to gives us a life film of the dynamics of the system. 
Aim of the thesis 
The aim of this study is to combine metabolomics with other methods to 
investigate the regulation of the TIA biosynthesis and how this is connected 
with other pathways and the plant’s physiology and development. 
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Outline of the thesis  
Chapter 1 is a general introduction of the thesis. Chapter 2 reviews the 
biosynthesis studies of C. roseus. Chapter 3 describes an HPLC method for both 
precursors and alkaloids which was validated to analyze alkaloid contents in 
different organs, its relationship with leaf age and growth of C. roseus plants. 
Chapter 4 reports a metabolomics investigation of C. roseus varieties with 
different flower colors by NMR profiling method. Chapter 5 explores the effect 
of JA/MeJA treatment on TIA biosynthesis in different organs and the influence 
of flowering on TIA levels in C. roseus plants. In Chapter 6, overexpression of 
ORCA3 and G10H in C. roseus plants is reported and the effect on alkaloid 
biosynthesis and general metabolism as revealed by NMR-metabolomics. 
Chapter 7 reports on C. roseus plants fed with 
13
C-labeled glucose to study the 
flux into different metabolic pathways. Chapter 8 gives a summary and 
discusses further perspectives. 
Reference 
El-Sayed M, Verpoorte R. 2007 Catharanthus terpenoid indole alkaloids: 
biosynthesis and regulation. Phytochem Rev 6: 277–305. 
Moreno PRH, Van der Heijden R, Verpoorte R. 1995. Cell and tissue cultures of 
Catharanthus roseus (L.)G.Don: a literature survey II. Updating from 
1988 to 1993. Plant Cell Tiss Org Cult 42: 1-25. 
Van der Heijden R, Jacobs D, Snoeijer W, Hallard D, Verpoorte R. 2004. The 
Catharanthus alkaloids: pharmacognosy and biotechnology. Curr Med 
Chem 11: 607-628. 
Zhao J, Verpoorte R. 2007. Manipulating indole alkaloid production by 
Catharanthus roseus cell cultures in bioreactors: from biochemical 
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As the only source for the antitumor agents vinblastine and vincristine, 
Catharanthus roseus is highly valued as supply of pharmaceuticals. As the 
production of these alkaloids is very low, the biosynthesis of these terpenoid 
indole alkaloids (TIAs) has been studied extensively as a model for medicinal 
plant’s improvement. The TIA pathway is a complex multistep enzymatic 
network that is tightly regulated by developmental and environmental factors. 
Here we review the knowledge achieved in the past 30 years of the TIA 
pathway in C. roseus, from genetic to metabolic aspects. Two early precursor 
pathways (chorismate-indole pathway and MEP-secoiridoid pathway) and late 
mono-/bis-indole alkaloid pathways have been largely elucidated and 
established, as well as their intercellular and subcellular compartmentation. 
Many genes encoding constitutive structural biosynthetic enzymes, transcription 
factors, and transporters involved in these pathways have been cloned and 
characterized. These genes were applied in metabolic engineering strategies to 
improve the production of TIAs. However, modification at genetic/molecular 
level of the pathway in C. roseus resulted in complicated changes of metabolism, 
not only the TIA pathway was affected, but also other pathways, both in 
secondary and primary metabolism. Research at metabolic level is required to 
increase the knowledge on the genetic regulation of the whole metabolic 
network connected to the TIA biosynthesis. Metabolomics, as a powerful tool 
for qualitative and quantitative analysis at metabolic level, provides a 
comprehensive insight into the metabolic network of the plant system. 
Metabolic profiling and fingerprinting combined with multivariate data analysis, 
metabolic flux analyses based on 
13
C labeling experiments in combination with 
other “omics” have been implemented in studies of C. roseus for pathway 
elucidation, including among others, understanding stress response, cross talk 
between pathways, and diversion of carbon fluxes, with the aim to fully unravel 
the TIA biosynthesis, its regulation and the function of the alkaloids in the plant 








Terpenoid indole alkaloids (TIAs) form a major group of alkaloids in the 
plant kingdom, comprising of over 3000 identified alkaloids to date. The TIAs 
have structures derived from strictosidine formed from tryptamine and a C10 
part from the iridoid secologanin. Many of these natural products are 
physiologically active in mammals. But they are found to be confined to eight 
different plant families (e.g., the most important ones: Apocynaceae, 
Loganiaceae, Rubiaceae.). Several pharmaceuticals belonging to the TIA group 
are commercially isolated from plant materials (Table 1), like the antimalarial 
alkaloid quinine from Cinchona officinalis, the antineoplastic camptothecine 
from Camptotheca acuminate, the rat poison and homeopathic strychnine from 
Strychnos nux-vomica, reserpine from Rauvolfia species and the antitumor 
agents vinblastine and vincristine from Catharanthus roseus (periwinkle) 
(Kutchan, 1995). 
Catharanthus roseus, belonging to the Apocynaceae family, is a medical 
plant of great pharmaceutical interest for its capacity to biosynthesize a great 
variety of TIAs (>130), which have a high economic value due to their wide 
spectrum of pharmaceutical applications. Besides the most well-known 
bisindole alkaloids (vinblastine and vincristine), C. roseus also produces 
ajmalicine used as antihypertensive and serpentine used as sedative. The very 
small amounts of the dimeric alkaloids in C. roseus and the difficulty of their 
extraction and purification explain the high costs of these TIAs. Although total 
chemical synthesis of these complex alkaloids is of academic interest, this is not 
likely to be applied commercially due to the low yields. However, the 
dimerization reaction coupling vindoline and catharanthine, which in the plant 
is catalyzed by a peroxidase, has been mimicked chemically and is now used to 
couple the much more abundant monomers. The in vitro production systems 
using plant cell cultures or hairy roots of C. roseus have been developed but 
failed to synthesize vindoline, one of the precursors needed for the bisindole 
alkaloids. To develop novel sources of these compounds requires thorough 
knowledge of genes, enzymes, intermediates in the TIA biosynthetic pathway 
and the regulation mechanism behind it. 
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Table 1 Active TIAs, their functions and plants that produce them. 
Alkaloids Function Plants 
Ajmalicine antihypertensive Catharanthus roseus  
Camptothecine antineoplastic  Camptotheca acuminate 
Ellipticine antitumour Ochrosia elliptica  
Emetine anti-protozoal  Carapichea ipecacuanha 
Quinidine class I antiarrhythmic agent (Ia) 
in the heart 
Cinchona spp. 
Quinine  antimalarial alkaloid Cinchona spp. 
Rescinamine antihypertensive Rauwolfia spp. 
Reserpine antipsychotic, antihypertensive Rauwolfia serpentina 
Serpentine sedative Catharanthus roseus  
Strychnine rat poison and homeopathic  Strychnos nux-vomica 
Toxiferine curare toxin, muscle relaxant Strychnos toxifera 
Vinblastine, 
Vincristine 
antitumor  Catharanthus roseus  
Vincamine peripheral vasodilator that 
increases blood flow to the brain 
Vinca minor 
Yohimbine mild monoamine oxidase 




In the past decades relentless efforts and meticulous in-depth studies were 
carried out on TIAs in C. roseus by numerous groups of researchers all across 
the globe. Nowadays the “Omics” tools, such as genomics, transcriptomics, 
proteomics and metabolomics, provide us with enormous amounts of 
information about the genes, enzymes, transcription factors, intermediates, 
pathways, and compartmentation of TIA biosynthesis in C. roseus cell cultures, 
hairy roots and plants. These tools will be very helpful to clarify some 
unresolved parts of the iridoid pathway, the catharanthine biosynthesis, 
transport, and the signal-transduction and regulation of the pathway via 
transcription factors like the octadecanoid-responsive Catharanthus 
AP2-domain (Orca’s).  
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The latest developments in the studies of the biosynthesis of TIA and its 
regulation in C. roseus by genomic and metabolomic studies are reviewed in the 
present update. 
Alkaloid biosynthesis and its compartmentation in 
Catharanthus roseus 
TIA biosynthesis in C. roseus is a complex pathway including at least 30 
coordinately regulated enzymatic steps producing at least 35 known 
intermediates. The pathway is spread over at least 4 different cell types and in 
these cells at least 5 different subcellular compartments are involved, which 
means that transport is a major rate determining factor, which besides physical 
chemical principles (e.g. diffusion, mass transfer between two phases) also 
involves different types of active selective transporter proteins (Roytrakul et al., 
2007). Up to now, 30 biosynthetic and 4 types of regulatory genes have been 
cloned and identified. However, there are still unknown parts of TIA 
biosynthesis to be solved. Alkaloids in C. roseus derive from the convergence of 
two primary metabolic routes, i.e. the shikimate and the secoiridoid pathways 
that respectively provide the indole and the terpene moiety to the basic 
backbone as found in strictosidine (van der Heijden et al. 2004; Verma et al., 
2012). 
The shikimate-chorismate-indole pathway and its localization 
The shikimate pathway, a major biosynthetic route for both primary and 
secondary metabolism, starts with phosphoenolpyruvate and 
erythrose-4-phosphate and ends with chorismate (Herrmann and Weaver, 1999) 
(Fig. 1). Chorismate is an important starting point and the substrate of 5 
enzymes that are the gatekeepers of the five pathways that branch from 
chorismate: anthranilate synthase (AS) on the branch leading to tryptophan; 
chorismate mutase (CM) on the branch leading to phenylalanine and tyrosine; 
isochorismate synthase (ICS) on the branch leading to isochorismate, salicylate 
and 2,3-dihydrobenzoic acid (2,3-DHBA); chorismate pyruvate-lyase synthase 
(CPL) on the branch to p-hydroxybenzoate (a precursor of shikonin); and 
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p-aminobenzoate synthase on the branch to folates (Mustafa and Verpoorte, 
2005).  
 
Fig. 1 The shikimate-chorismate-indole pathway and its compartmentation at 
intercellular and subcellular level. Solid arrows represent one-step reactions; broken 
arrows represent multiple or uncharacterized reactions. 
 
The anthranilate pathway leads to the formation of the aromatic amino acid 
tryptophan, which provides the indole moiety to TIAs (Fig. 1). Anthranilate 
synthase (AS) is the first key enzyme in the synthesis of tryptophan and 
indole-3-acetic acid, which consists of two large (α-subunits) and two small 
(β-subunits) subunits (Poulsen et al., 1993). The α-subunit of AS is responsible 
for catalyzing the conversion of chorismate into anthranilate and is sensitive to 
tryptophan-mediated feedback inhibition (Verpoorte et al., 1997; Radwanski 
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and Last, 1995). But after AS, none of the enzymes leading to tryptophan have 
been studied in C. roseus so far (El-Sayed and Verpoorte, 2007). Tryptophan is 
conversed into tryptamine by tryptophan decarboxylase (TDC) (Noe et al., 
1984). The genes of both AS (Hong et al., 2006) and TDC (Canel et al., 1998; 
Goddijn et al., 1995; Whitmer et al., 2002b) have been cloned and 
overexpressed in cell cultures or hairy roots of C. roseus.  
In the aerial tissues, the epidermis of leaf harbors the maximum expression 
of TDC products. In the underground tissues, TDC transcripts are localized in 
protoderm and cortical cells around the root apical meristem (St. Pierre et al., 
1999; Irmler et al., 2000). The early steps of the tryptophan pathway are 
thought to occur in plastids (Zhang et al., 2001). The TDC enzyme essentially 
operates in the cytosol (De Luca and Cutler, 1987). This implies that tryptophan 
has to move out from plastids to the cytosol for its decarboxylation by TDC to 
yield tryptamine, which is immediately transported to the cell vacuole for its 
subsequent condensation with secologanin (Fig. 1). The leaf epidermis of C. 
roseus is also a site of expression of PAL, C4H and CHS genes of the 
phenylpropanoid pathway (Mahroug et al., 2006; Murata et al., 2008). 
The MEP-secoiridoid pathway and its localization 
The terpenoid moiety of TIAs comes from secologanin biosynthesized via 
the secoiridoid pathway, which derives from a universal precursor for all 
monoterpenes geranyl pyrophosphate (GPP). There are two separate pathways 
in plants to produce isopentenyl diphosphate (IPP), the central precursor of all 
isoprenoids. One is the mevalonate pathway leading to the formation of 
triterpenes (sterols) and certain sesquiterpenes (Newman and Chappell, 1999; 
Lange and Croteau, 1999). The other is the mevalonate-independent (MEP) 
pathway leading to the formation of monoterpenes, diterpenes, tetraterpenes 
(carotenoids) and the prenyl-sidechains of chlorophyll (Eisenreich et al., 1996; 
Arigoni et al., 1997; Rohmer, 1999). 
13
C labeling experiments followed by 
NMR proved that the MEP pathway is the major route for the biosynthesis of 
secologanin in C. roseus (Contin et al., 1998). 
The MEP pathway leading to the formation of isopentenyl diphosphate 
(IPP) has been unraveled in plants. A complete set of MEP pathway genes in 
Arabidopsis homologous to the corresponding genes in E. coli have been 
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identified (Ganjewala et al., 2009). The MEP pathway involves 7 enzymatic 
steps, starting from the condensation of pyruvate with D-glyceraldehyde 
3-phosphate ending with the production of IPP (El-Sayed and Verpoorte, 2007). 
The pathway starts with the enzyme 1-deoxy-D-xylulose-5-phosphate synthase 
(DXS) that catalyzes the condensation of pyruvate with D-glyceraldehyde 
3-phosphate to 1-deoxy-D-xylulose-5-phosphate, the first step of the MEP 
pathway. This product is then converted into 
2-C-methyl-D-erythriol-4-phosphate by the enzyme 
1-deoxy-D-xylulose-5-phosphate reducto isomerase (DXR) (Fig, 2). 
The final product IPP is converted to dimethylallyl diphosphate (DMAPP) 
by isopentenyl diphosphate isomerase (IDI). The encoding gene was cloned 
from many sources including from C. roseus (CrIDI1) (Guirimand et al., 2012). 
This enzyme, previously abbreviated as IPPI (Ramos-Valdivia et al., 1997), is 
expressed in all organs (roots, flowers and young leaves). CrIDI1 produces both 
long and short transcripts giving rise to the corresponding proteins with and 
without a N-terminal transit peptide (TP), respectively (Guirimand et al., 2012). 
After IPP synthesis via the MEP pathway, a key step in the monoterpenoid 
branch towards the TIA pathway is the generation of geranyl diphosphate (GPP), 
the entry point to the formation of the monoterpene moiety, from the 
condensation of IPP and DMAPP by GPP synthase (GPPS) (Contin et al., 1998; 
Hedhili et al., 2007) (Fig. 2), which belongs to the family of short-chain 
prenyltransferases. In C. roseus, three genes were found to encode proteins with 
sequence similarity to the large subunit (CrGPPS.LSU) and the small subunit 
(CrGPPS.SSU) of heteromeric GPPSs, and a homomeric GPPSs, respectively 
(Rai et al., 2013). CrGPPS.LSU is a bifunctional enzyme producing both GPP 
and geranyl geranyl diphosphate (GGPP). CrGPPS.SSU could function as a 
primary regulator to a certain extent in TIA biosynthesis, whereas CrGPPS is a 
homomeric enzyme forming GPP. Under normal conditions, both CrGPPS.LSU 
and heteromeric CrGPPS.LSU/CrGPPS.SSU provide a basal level of GPP for 
TIA formation in C. roseus. When under biotic/abiotic stress, the induced 
expression of SSU could cause an enhancement of GPPS activity by LSU and 
SSU interaction, thus increasing the GPP pool towards TIA biosynthesis (Rai et 
al., 2013).  





Fig. 2 The MEP-secoiridoid pathway and its compartmentation at intercellular and 
subcellular level. Solid arrows represent one-step reactions; broken arrows represent 
multiple or uncharacterized reactions.  
IPAP, internal phloem-associated parenchyma; ER, endoplasmic reticulum. 
 
The secoiridoid pathway starts with the formation of geraniol and ends 
with the production of secologanin (Fig. 2). Until 2011, only three steps 
(including the corresponding enzymes and genes) in the pathway were well 
established. One is the cytochrome P450 enzyme geraniol 10-hydroxylase 
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(G10H), also known as geraniol 8-oxidase (G8O, the name we will use here), 
responsible for the hydroxylation of geraniol into 8-hydroxylgeraniol (Collu et 
al., 2001; Meijer et al., 1993a), which also requires a cytochrome P450 
reductase (CPR) for its functioning (Madyastha and Coscia, 1979; Meijer et al., 
1993b). The other two, are the last steps in the iridoid pathway, the enzymes 
loganic acid methyltransferase (LAMT) catalyzing methylation of loganic acid 
to form loganin (Murata et al., 2008) and secologanin synthase (SLS), 
belonging to the cytochrome P450 (CYP) family, catalyzing the conversion of 
loganin to secologanin (Luijendijk et al., 1998; Irmler et al., 2000). Recently, 
the enzymes geraniol synthase (GES) (Simkin et al., 2012), a member of the 
terpene synthase family, and iridoid synthase (IS), a cyclase recruited from 
short-chain oxidoreductase (Geu-Flores et al., 2012), were cloned and their 
function in C. roseus was confirmed. The purified recombinant GES protein 
catalyzes the conversion of GPP into geraniol with a Km value of 58.5l M for 
GPP. The enzyme IS functions for the cyclization of 8-oxogeranial into 
iridodial, which probably couples an initial NAD(P)H-dependent reduction step 
via a Diels–Alder cycloaddition or a Michael addition (Geu-Flores et al., 2012). 
The enzymes for the remaining four steps were recently discovered and their 
encoding genes cloned (Asada et al., 2013; Miettinen, 2013; Salim et al., 2013). 
The enzyme after G8O, 8-hydroxygeraniol oxidoreductase (8-HGO) is able to 
oxidize the hydroxy group to an aldehyde in the substrates 8-hydroxygeraniol, 
8-hydroxygeranial and 8-oxogeraniol in the presence of NAD+ to yield 
8-hydroxygeranial, 8-oxogeraniol and 8-oxogeranial. The CYP enzyme iridoid 
oxidase (IO) catalyzes the conversion of iridodial into 7-deoxyloganetic acid, 
which is glucosylated by the enzyme7-deoxyloganetic acid glucosyltransferase 
(7-DLGT) forming 7-deoxyloganic acid using UDP-glucose as the sugar donor. 
Then the last step in the formation of the loganin skeleton is catalyzed by 
7-deoxyloganic acid hydroxylase (7-DLH), which also belongs to the same 
P450 subfamily as SLS, yielding loganic acid (Miettinen, 2013). With these 
findings the secoiridoid pathway has now been fully characterized (Fig. 2). The 
elucidation clearly shows the evolution in biosynthesis elucidation. The first 
steps were identified by purification of the enzymes, sequencing part of the 
amino acid sequence and based on that probes where constructed for picking up 
the genes. This required knowledge of the intermediates of every single step in 
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a pathway, and the availability of these compounds as substrate for the enzyme 
assays. The lack of knowledge of the iridoid pathway was thus the major 
bottleneck in the past years. The recently developed fast sequencing methods 
opened new possibilities. For example, transcriptomic sequence data were 
obtained from C. roseus plants and cell cultures under different conditions. By 
comparing transcriptome, proteome and metabolome data from all these 
conditions, candidate genes could be selected and subsequently the encoded 
enzymes were overexpressed and tested for their putative activity, this approach 
was successful in the EU project Smartcell that aimed at elucidation of the total 
secoiridoid pathway (Dong et al., 2013; Miettinen, 2013). Another approach is 
to silence the selected genes and through the analysis of the intermediates found 
in the plant the function can be deduced. This strategy was applied by DeLuca 
and co-workers who used a medicinal plants gene sequence database as basis 
(Asada et al., 2013; Salim et al. 2013).  
Besides the elucidation of the TIA pathway, its cellular and subcellular 
localization was also investigated (Fig. 2). The internal phloem associated 
parenchyma (IPAP) cells present in the periphery of stem pith or intraxylary on 
the upper part of the vascular bundles in leaves are the primary locations for the 
expression of genes in the MEP pathway (like DXR, DXS, MECS, HDS, IDI) 
(Mahroug et al., 2007; Burlat et al., 2004). RNA in situ hybridization showed 
that transcripts of GES, IS, 8-HGO, IO, 7-DLGT and 7-DLH along with G8O 
are localized in the IPAPs like the genes involved in MEP pathway (Asada et 
al., 2013; Miettinen, 2013; Geu-Flores et al., 2012; Simkin et al., 2012). That 
means that these cells produce loganic acid which is transported to e.g. the 
epidermis cell, where the loganic acid is methylated by the enzyme LAMT. The 
epidermis harbors also the maximum expression of the secologanine synthase 
(SLS) gene product, which produces the CYP72A1, catalyzing the last oxidation 
step in the iridoid pathway leading to secologanin (Irmler et al., 2000; St-Pierre 
et al., 1999; Yamamoto et al., 2000). The Carborundum Abrassion (CA) 
approach led to the generation of a leaf epidermome-enriched cDNA library 
containing essentially all the known TIA pathway genes in C. roseus leaf 
epidermis (Murata et al., 2008). Detailed analysis of this data set clearly 
revealed its abundance for genes like SLS and LAMT transcripts. From these 
findings it is concluded that both the MEP pathway and early steps of the 
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secoiridoid pathways take place in IPAP cells while the last two steps of the 
secoiridoid pathway are localized in the epidermis. Loganic acid is the mobile 
intermediate transferred from IPAPs to epidermis, which indicates that its 
transport might be a key biosynthetic rate controling point for the fluxes in 
secologanin production. 
Subcellular compartmentation of the MEP-secoiridoid pathway was also 
sorted out. The MEP pathway occurs in plastids (Roytrakul and Verpoorte, 
2007). Besides, the presence of HDS was also evidenced in long stroma-filled 
thylakoid-free extensions budding from plastids (Guirimand et al., 2009). 
Expression of green fluorescent protein (GFP) fusions revealed that IDI is 
targeted to plastids, mitochondria and peroxisomes in C. roseus cells 
(Guirimand et al., 2012). GFP localization indicated that CrGPPS.SSu is 
plastidial whereas CrGPPS is mitochondrial (Rai et al., 2013). Transient 
transformation of C. roseus cells with a yellow fluorescent protein-fusion 
construct revealed that GES is localized in plastid stroma and stromules 
(Simkin et al., 2012). G8O has now definitely shown to be localized in the 
endoplasmic reticulum (ER) (Guirimand et al., 2009). IS was shown to be 
exclusively localized in the cytosol by using fluorescent protein fusions as well 
as bimolecular fluorescence complementation assays (Geu-Flores et al., 2012). 
Using green fluorescent protein (GFP) fusions in C. roseus cells together with 
mCherry markers, IO and 7-DLH were revealed to be ER-associated, whereas 
8-HGO and 7-DLGT are soluble proteins present in both cytosol and nucleus 
(Miettinen, 2013). LAMT forms homodimers in the cytosol, whereas SLS is 
anchored in the ER via an N-terminal helix (Guirimand et al., 2011a). This fits 
the model of loganic acid being the transported intermediate that after uptake in 
the epidermis cells is methylated in the cytosol and subsequently further 
oxidized in the ER to yield secologanin. All these studies suggest a potential 
channel to export the MEP pathway product GPP from plastids, via stromules, 
to ER- and cytosol-anchored enzymes for iridoid biosynthesis. 
The monoindole alkaloid biosynthesis and its localization 
The biosynthesis of monoindole alkaloids starts from the central 
intermediate strictosidine, which is formed by a condensation reaction of 
tryptamine and secologanin catalyzed by strictosidine synthase (STR), from 
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where the diversion of metabolic fluxes starts towards different TIA 
biosynthetic pathways (De Waal et al., 1995) (Fig. 3). In C. roseus, STR has at 
least 7 isoforms which are likely to be the products of posttranslational 
modifications, most likely through glycosylation as was shown for Cinchona 
STR (Stevens et al. 1993), since STR is encoded by a single gene (Mcknight et 
al., 1990; Pasquali et al., 1999). Strictosidine undergoes a deglucosylation 
reaction by strictosidine-β-D-glucosidase (SGD) enzyme to yield an unstable 
aglycon, cathenamine, which is a quite reactive carbinolamine and depending 
on the environment it can occur in different forms (Barleben et al., 2007; 
Geerlings et al., 2000; Lounasmaa and Hanhinen, 1998; Stöckigt et al., 1977). 
Cathenamine is the branching point for three routes to different types of TIAs: 1) 
reduction to form ajmalicine by the enzyme cathenamine reductase (CR), which 
is further oxidized to serpentine by peroxidase in the vacuoles; 2) conversion of 
the iminium form of cathenamine into tetrahydroalstonine with cofactor 
NADPH by tetrahydroalstonine synthase (THAS), which finally is oxidized into 
alstonine; 3) reversible conversion to 4,21-dehydrogeissoschizine, which can be 
routed towards the formation of catharanthine and tabersonine/vindoline via 
stemmadenine. Neither enzymes nor genes involved in the catharanthine 
biosynthetic pathway have been identified so far (El-Sayed and Verpoorte, 
2007), but a unique transporter for catharanthine was reported recently (see 
below, Yu and De Luca, 2013). On the other hand, the vindoline biosynthesis 
pathway beginning with tabersonine is quite well established. There are totally 
6 enzyme-catalyzed steps in this pathway: hydroxylation of tabersonine by 
tabersonine 16-hydroxylase (T16H); O-methylation of 16-hydroxytabersonine 
by O-methyltransferase (16OMT); hydration of the 2,3-double bond of 
16-methoxytabersonine by an unidentified hydroxylase; N(1)-methylation of 
16-methoxy-2,3-dihydro-3-hydroxytabersonine by N-methyltransferase (NMT); 
hydroxylation at position 4 of desacetoxyvindoline by 
desacetoxyvindoline-4-hydroxylase (D4H); and the last step the 4-O-acetylation 
of deacetylvindoline by deacetylvindoline-4-O-acetyltransferase (DAT) to form 
vindoline. Except the yet unknown hydroxylase, for the other five enzymes the 
genes have been cloned and characterized. In roots, there are two alternative 
routes from tabersonine that instead of vindoline biosynthesis leads to other 
type of alkaloids (Verma et al., 2012). One is the conversion into lochnericine 
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followed by the formation of hörhammericine, which is finally converted into 
19-O-acetylhörhammericine by minovincinine-19-hydroxy-O-acetyltransferase 
(MAT). The other route starts with the formation of 6,7-dehydrominovincinine 
but the final product is also 19-O-acetylhörhammericine (Fig. 3).  
In leaves, stems and flower buds, the epidermis cells harbor the STR 
mRNAs, whereas idioblast and laticifer cells embedded in the palisade tissue of 
the leaves represent the exclusive location of D4H and DAT mRNAs transcripts 
(St-Pierre et al., 1999) (Fig. 3). In addition, T16H and SGD mRNAs were also 
preferentially present in the epidermis (Murata and De Luca, 2005; Murata et 
al., 2008). High 16-OMT activity was detected in both abaxial and adaxial 
epidermal cell extracts, whereas the NMT activity is the highest in the whole 
leaf extract supporting its localization in the chloroplast thylakoids (Murata and 
De Luca, 2005; Murata et al., 2008).  
In the underground tissues, STR and MAT transcripts are localized in 
protoderm and cortical cells around the root apical meristem (Laflamme et al., 
2001; Moreno-Valenzuela et al., 2003). The STR-GFP signal appeared in the 
vacuole in transient transformation experiments (Guirimand et al., 2010a). The 
vacuolar targeting of STR is achieved via an ER-to-Golgi-to-vacuole route. 
SGD is targeted to the nucleus using a bipartite NLS and tends to multimerize 
in this cellular compartment (Guirimand et al., 2010b). For the vindoline 
pathway, subcellular localization is fairly well understood. T16H is anchored to 
ER as a monomer (St.Pierre et al. 1999), whereas 16OMT is found to 
homodimerize in the cytoplasm to facilitate the uptake of the T16H conversion 
product. NMT is present in the thylakoid membrane of the chloroplasts (De 
Luca and Cutler 1987; Dethier and De Luca 1993), and D4H and DAT that were 
largely believed to operate in the cytosol of idioblast and laticifer cells have 
now been shown to operate as monomers and reside in the nucleocytoplasmic 
compartment because of their passive diffusion to nuclei due to their small 
protein size (Guirimand et al. 2011b).  
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The bisindole alkaloids and their localization 
The first step of the bisindole alkaloid biosynthesis is the coupling of 
vindoline and catharanthine to produce anhydrovinblastine catalyzed by 
α-3’,4’-anhydrovinbastine synthase (AVLBS) (Fig. 3), which is commonly 
known as CrPrx1 belonging to the class III basic peroxidases (Costa et al., 
2008). Anhydrovinblastine or its iminium ion is converted into vinblastine, 
which is finally converted into vincristine (Verpoorte et al., 1997). Peroxidases 
are a family of isoenzymes found in all higher plants and are known to be 
involved in a broad range of physiological processes. In C. roseus, more novel 
peroxidase genes are cloned and characterized, such as CrPrx, CrPrx3 and 
CrPrx4 (Kumar et al., 2007 and 2012). However, there is still limited 
knowledge about the enzymes and genes involved in the last two steps. The 
subcellular localization researches reported that CrPrx1 is localized to vacuoles 
(Costa et al., 2008), but CrPrx is apoplastic in nature (Kumar et al., 2007). 
Metabolic engineering of the TIA pathway in 
Catharanthus roseus 
Metabolic engineering is an approach to modify metabolic pathways and 
metabolites production via gene transfer technology. With the increasing 
knowledge of the TIA pathway and its biosynthetic genes, metabolic 
engineering is widely performed on TIA biosynthesis in C. roseus to boost the 
yields of targeted TIAs. Different types of genes cloned from the TIA pathway 
have been overexpressed in the cells, hairy roots and plants of C. roseus, which 
showed different effects on TIA biosynthesis as well as on at the level of the 
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Table 2 Overexpression of genes involved in TIA biosynthesis in the cell cultures, 
hairy roots and plants of Catharanthus roseus. 
Varities Genes Metabolites significantly 




GmMYBZ2  Catharanthine Zhou et al. 
(2011)  
HMGR  Campesterol, serpentine, 
ajmalicine, catharanthine 
Ayora-talavera 
et al. (2002) 
ASα  Tryptophan, tryptamine, 
lochnericine 
Hughes et al. 
(2004) 
TDC Serpentine Hughes et al. 
(2004)  ASα+ TDC Tryptamine 
ASα  Tryptamine Hong et al. 
(2006) ASα +ASβ Tryptophan, tryptamine 
ASα +ASβ+TDC Tryptamine 
ASαβ Naringin, catechin, 
salicylic acid 
Chung et al. 
(2007) 
DAT Hörhammericine Magnotta et al. 
(2007) 
ORCA2 Catharanthine, vindoline Liu et al.(2011) 
G8O(G10H) Catharanthine Wang et al. 
(2010) G8O+ORCA3  Catharanthine 
Cell 
cultures 
ORCA3  Serpentine, ajmalicine, 
tabersonine, 
hörhammericine 
Peebles et al. 
(2009) 
 DXS Ajmalicine, serpentine, 
lochnericine, tabersonine, 
hörhammericine 
Peebles et al. 
(2011) 
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Peebles et al. 
(2011) 
 TDC Tryptamine Canel et al. 
(1998); 
Whitmer et al. 
(2002b) 
 STR Strictosidine, ajmalicine, 
catharanthine, serpentine, 
tabersonine 
Canel et al. 
(1998); 
Whitmer et al. 
(2002a) 
 PRX1  Ajmalicine, serpentine, 
H2O2 
Jaqqi et al. 
(2011) 
 ORCA3  Tryptophan, tryptamine Van der Fits and 
Memelink 
(2000) 
 CYP76B6  10-hydroxy geraniol Collu et al. 
(2001) 








The expression of a more tryptophan inhibition resistant Arabidopsis ASα 
gene coupled with a glucocorticoid-inducible promoter in C. roseus hairy roots 
dramatically increased tryptophan and tryptamine yields but not of TIAs, except 
lochnericine, after induction with 3 μM dexamethasone (Hughes et al., 2004a). 
Transgenic hairy roots expressing both ASα and ASβ subunits produced more 
tryptamine and showed a greater resistance to feedback inhibition of AS activity 
by tryptophan than those only expressing ASα (Hong et al., 2006). When fed 
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with the terpenoid precursors 1-deoxy-D-xylulose, loganin, and secologanin 
respectively, hairy roots overexpressing ASα or ASβ could increase the levels of 
hörhammericine, catharanthine, ajmalicine, lochneriricine and tabersonine 
(Peebles et al., 2006). As a side effect, the metabolic flux into the flavonoid 
pathway was also transiently increased when the AS overexpressing hairy roots 
were induced by 0.2 μM dexamethasone, which caused increases of catechin 
and naringin in hairy roots (Chung et al., 2007). TDC overexpression in C. 
roseus transgenic calli results in increased tryptamine levels but not in increased 
TIA production (Goddijn et al. 1995), neither in C. roseus cell cultures 
(Whitmer et al., 2002b). On the contrary, no increase of tryptamine but a 129% 
increase of serpentine was noted on induction of 3 μM dexamethasone in hairy 
roots overexpressing TDC (Hughes et al., 2004b). Expressing TDC from C. 
roseus in cell cultures or plants of Nicotiana tabacum resulted in the formation 
of tryptamine up to 10 μg/g FW and 18 to 66 μg/g FW respectively (Hallard et 
al., 1997). When co-overexpressing AS and TDC in hairy roots, they showed an 
enhanced ability to produce tryptamine, but only a transiently increased 
accumulation of tabersonine and lochnericine among all measured alkaloids 
(Hong et al., 2006; Hughes et al., 2004b). To study the effect of introducing 
TIA alkaloid biosynthetic genes in a plant normally only producing secologanin, 
Hallard and co-workers (Hallard, 2000; Geerlings et al., 1999) introduced both 
the TDC and STR into Cinchona hairy roots. Compared to normal roots no more 
secologanin could be observed, whereas tryptamine, ajmalicine and serpentine 
could be detected in the hairy roots. This confirmed the presence of a 
glucosidase able to hydrolyze strictosidine. Though the alkaloids levels were 
very low, it shows that TIAs can also be made in non-alkaloid producing plants. 
That means alternative crops for making TIA. In that context also the 
production of strictosidine was achieved in yeast cells in which STR and SGD 
are overexpressed and which are fed with secologanin and tryptamine 
(Geerlings et al., 2001). The cells could produce 3g/l of strictosidine in three 
days, many times more than ever achieved in cell cultures. As STR was mainly 
excreted to the medium, whereas SGD was in the cells, grinding the whole 
culture resulted in the production of cathenamine. 
In the MEP pathway, the genes encoding 1-deoxy-D-xylulose-5-phosphate 
synthase (DXS), 1-deoxy-D-xylulose-5-phosphate reducto isomerase (DXR), 
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2-C-methyl-Derythritol-2,4-cyclodiphosphate synthase (MECS), 
hydroxymethylbutenyl-4-diphosphate (HDS) and isopentenyl diphosphate 
isomerase (IDI1) have been cloned and characterized from C. roseus (Chahed et 
al., 2000; Veau et al., 2000; Guirimand et al., 2012). DXS overexpression 
resulted in a significant increase in ajmalicine, serpentine and lochnericine but a 
significant decrease in tabersonine and hörhammericine in C. roseus hairy roots. 
In fact, overexpression of DXS and DXR has been found to increase terpenoid 
production in several plants. For example, DXS overexpression enhances the 
production of various isoprenoids in Arabidopsis (Estevez et al., 2001), and 
DXR overexpression increases essential oil yield in peppermint, carotenoid 
accumulation in ripening tomatoes (Mahmoud and Croteau, 2001; 
Rodriguez-Concepcion et al., 2001), and various isoprenoids in tobacco leaves 
(Hasunuma et al., 2008). There is no information about the use of MECS and 
IDI1 in metabolic engineering on TIA production.  
At the edge of primary and secondary metabolism, G8O as gatekeeper 
could be a carbon flux controlling step for the iridoid pathway. The encoding 
gene was overexpressed in the hairy roots of C. roseus, which resulted in a 
higher accumulation of catharanthine (0.063–0.107% on a dry weight) than in 
the wild-type lines (0.019 and 0.029%) (Wang et al., 2010). When 
co-overexpressing DXS and G8O, the hairy roots showed a significant increase 
in ajmalicine by 16%, lochnericine by 31% and tabersonine by 13% (Peebles et 
al., 2010). Considering their location with respect to the IPP/DMAPP branching 
point for terpenoid classess, it is conceivable that the overexpression of one 
downstream structural gene alone is unable to effect the channeling of the flux 
at this upstream branch point while the overexpression together with an 
upstream gene of the IPP/DMAPP branch point may affect the carbon fluxes by 
a push and pull effect toward the TIA iridoid precursor. An increased 
production of IPP/DMAPP and G8O overexpression may increase the flux in 
the monoterpenoid branch and from there into TIA. DXS and ASα 
co-overexpression displayed a significant increase in hörhammericine by 30%, 
lochnericine by 27% and tabersonine by 34% in hairy roots (Peebless et al., 
2010). Recent discoveries of IDI1, GPPS, GES and iridoid synthase encoding 
genes provide new possibilities for the regulation and improvement of TIA 
production. 
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Cultures of STR transgenic cells consistently showed ten-fold higher STR 
activity than wild-type cultures, which favored the biosynthetic flow through 
the pathway. Two such lines accumulated over 200 mg/L of strictosidine and/or 
strictosidine-derived TIAs, including ajmalicine, catharanthine, serpentine, and 
tabersonine, while maintaining wild-type levels of TDC activity (Canel et al., 
1998). Whitmer et al. (2002a,b) showed that in C. roseus cell lines 
overexpressing TDC or STR had an overcapacity in indole alkaloid biosynthesis 
enzyme activity, as feeding of loganin resulted in a large increase of alkaloid 
production whereas the combination of loganin and tryptamine feeding even 
further increased the level of alkaloids. Apparently the iridoid pathway is the 
most limiting step, but when that limitation is overcome the tryptophan pathway 
becomes limiting. Overcoming one limting step immediately shows what the 
next limiting step is. A single structural gene overexpression will thus always 
have only a limited effect on the overall flux in a pathway. On the other hand it 
shows that probably many biosynthetic steps are already present, and only the 
enzymatic machinery has to be started up by increasing the amount of the 
limiting substrate by feeding or genetic modification. The elucidation of the full 
iridoid pathway as described above is thus a major breakthrough opening new 
possibilities to explore for increasing TIA production.  
The key gene DAT for the vindoline biosynthesis was introduced into C. 
roseus plants by Agrobacterium tumefaciens, which resulted in an increase of 
vindoline level in the leaves (Wang et al., 2012). However, overexpression of 
DAT in hairy roots altered their TIA profile and accumulated more 
hörhammericine compared to control lines (Magnotta et al., 2007). Comparative 
analysis revealed that TIA pathway genes have elevated expression levels in 
CrPrx overexpression transgenic hairy roots, whereas they had a significant 
reduction in their transcript level in CrPrx-RNAi transgenic hairy roots (Jaggi et 
al., 2011). Alkaloid analysis showed higher levels of ajmalicine and serpentine 
in these peroxidase overexpressing cell lines. All these transgenic lines 
produced higher amounts of H2O2 (Jaggi et al., 2011). The oxidative burst or 
H2O2 production is closely related to indole alkaloid production (Zhao et al., 
2001). In leaves of C. roseus, PRX together with phenolic compounds was 
suggested to represent an important sink/buffer of excess H2O2, diffusing from 
the chloroplast under high light exposure (Ferreres et al., 2011). These results 
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indicate a role of the CrPrx gene in the regulation of TIA pathway and other 
metabolic pathways, thus affecting the production of specific alkaloids. In order 
to study the role of CrPrx and CrPrx1 in plants, these two peroxidases were 
expressed in Nicotiana tabacum (Kumar et al., 2012). The transformed plants 
exhibited increased peroxidase activity. Increased oxidative stress tolerance was 
also observed in transgenics when treated with H2O2 under strong light 
conditions. However, differential tolerance to salt and dehydration stress was 
observed during germination of T1 transgenic seeds. Under these forms of 
stress, the seed germination of CrPrx-transformed plants and wild-type plants 
was clearly suppressed, whereas CrPrx1 transgenic lines showed improved 
germination. CrPrx-transformed lines exhibited better cold tolerance than 
CrPrx1-transformed lines. These results indicate that vacuolar peroxidases play 
an important role in salt and dehydration stress, while cell wall-targeted 
peroxidases render cold stress tolerance. 
Transporter genes 
Since TIA biosynthesis involves at least 4 different cell types and in each 
of them at least 5 different subcellular compartments, the trafficking of pathway 
intermediates from one to another compartment requires an efficient transport 
system. Previous research also suggested that transport is one of the potential 
factors in regulation of TIA biosynthesis. However, the knowledge about TIA 
membrane transport mechanisms is still very limited.  
Transport has basically two aspects, a physicochemical and a biochemical 
one. In cells and in an organism diffusion will always take place. Concentration 
gradient driven molecules diffuse in a liquid phase, and they will move from an 
aqueous phase to lipid phase (membrane). Mass transfer factors determine the 
rate of the uptake in a lipophilic membrane from water and the release again to 
water, i.e. the transport rate through a membrane. That allows calculations of 
the rate of diffusion of compounds between cells and cellular compartments. 
The complexity of this system is further increased by the pH, making that acids 
and bases at different pH have different solubility in the liquid phases. For 
example, an alkaloid in acidic conditions is poorly soluble in a lipid phase, but 
at basic conditions it is better lipid soluble. So at a high ratio of protonated to 
non-protonated alkaloids, which is at acidic conditions transport, will be slow 
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through a membrane, at higher pH it will be the opposite. Modeling uptake in C. 
roseus vacuoles using these physical-chemical processes resulted in an ion-trap 
model for alkaloid uptake in vacuoles that fitted reasonably well the 
experimental results using isolated vacuoles. The lower pH in the vacuole than 
in the cytosol causes preferred accumulation of alkaloids in the vacuole if 
compared with the cytosol as the uptake rate on the more basic cytosolic site of 
the membrane is faster than on the more acidic vacuolar side. This 
physicochemical process requires ATP for maintaining the low vacuolar pH, so 
depletion of ATP will inhibit uptake, similar as in case of ABC transporters 
(Blom et al., 1991). On the other hand Deus-Neumann and Zenk (1984) 
reported uptake kinetics for active transport for some indole alkaloids. 
Ajmalicine, catharanthine and vindoline showed different rates, and all were 
ATP dependent. From this it was hypothesized that the vacuolar transport 
occurred via selective transporter proteins. Roytrakul (2004) reported a detailed 
study on the uptake of several C. roseus alkaloids and secologanin in isolated 
vacuoles. By adding inhibitors of the various classes of transport proteins, for 
each individual compound quite a different and complex picture came out. For 
each single compound different transporter seem to be involved (Roytrakul and 
Verpoorte, 2007).  
The uptake into the vacuole is thus dependent on a combination of factors, 
first of all there is the bidirectional diffusion driven transport. On top of that 
there are Multi Drug Resistant associated Proteins (MRP, inhibited by 
glibenclamide) and ATP Binding Cassette (ABC, inhibited by ortho-vanadate) 
type of transporters involved in uptake. Whereas Multidrug resistant (MDR) 
(P-glycoproteins, inhibited by cyclosporine A and verapamil) and MDR 
coupled with proton symport, are responsible for extrusion. To further 
complicate the transport system, glutathione was found to cis-activate the MRP 
transport of ajmalicine into the vacuole (Roytrakul 2004, Roytrakul and 
Verpoorte, 2007). Considering the multicompartment system involved in the 
TIA biosynthesis, it is clear that with the already very complex transport system 
into vacuoles, the model for a single-cell or multi-cell system is impossible to 
describe. The need for sufficient energy and co-factors in the different 
compartment add further to this complexity. In an attempt to calculate the rate 
of transport between cells by using the various available data on uptake of 
Chapter 2                                                   A literature review 
28 
 
compounds and a number of assumptions based on observations from other 
plants, it became clear that at least diffusion alone would result in a biosynthetic 
rate more or less of what is found in the plant (Supandi et al., 2009, unpublished 
results). That means that the selective transport might play a role in some of the 
specific biosynthetic steps, e.g. by accumulating certain compounds in a 
vacuole, where they are oxidized to yield serpentine or dimeric alkaloids. In 
case of serpentine, this anhydronium compound is much more polar than 
ajmalicine from which it is formed by oxidation, thus becomes trapped into the 
vacuole. The fact that tobacco vacuoles excrete strictosidine, whereas C. roseus 
vacuoles store it (Hallard et al., 1997) shows at least that every plant species 
will have different transport systems with different selectivity. Considering that 
the TIAs are confined to certain cell types may also in part be due to specific 
transport systems in the cellular membrane(s). That means that introduction of a 
novel pathway in a plant maybe hampered by lack of transport of intermediates.  
The example of CjMDR1, an ABC transporter gene specific for berberine 
transport originally isolated from Coptis japonica, shows the problems one may 
encounter in genetically modifying transport. This gene was expressed in C. 
roseus cell cultures (Pomahacova et al., 2009). The endogenous alkaloids 
ajmalicine and tetrahydroalstonine were accumulated significantly more in C. 
roseus cells expressing CjMDR1 in comparison with control lines after feeding 
these alkaloids, but transport of other alkaloids was not affected, and even no 
effect at all on berberine transport into the cells was observed.  
A unique catharanthine ABC-transporter (CrTPT2) belonging to the 
pleiotropic drug resistance (PDR) family has been cloned and functionally 
characterized. It is expressed predominantly in the epidermis of young leaves 
(Yu and De Luca, 2013). Further analysis suggested that CrTPT2 may be 
specific to TIA-producing plant species, where it mediates secretion of alkaloids 
to the leaf surface. CrTPT2 gene expression is induced under the treatment with 
catharanthine, and its silencing redistributes catharanthine into the leave, 
causing an increase of dimeric alkaloids levels in the leaves.  
Recently strong support for active TIAs uptake by C. roseus mesophyll 
vacuoles through a specific H (+) antiport system was reported (Carqueijeiro et 
al., 2013). The vacuolar transport mechanism of the main TIAs accumulated in 
C. roseus leaves, vindoline, catharanthine, and α-3',4'-anhydrovinblastine, was 
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characterized using a tonoplast vesicle system. Vindoline uptake was ATP 
dependent, and this transport activity was strongly inhibited by NH4
+
 and 
carbonyl cyanide m-chlorophenyl hydrazine and was insensitive to the 
ATP-binding cassette (ABC) transporter inhibitor vanadate. Spectrofluorimetric 
assays with a pH-sensitive fluorescent probe showed that vindoline and other 
TIAs indeed were able to dissipate an H
+
 preestablished gradient across the 
tonoplast by either vacuolar H
+
-ATPase or vacuolar H
+
-diphosphatase. Though 
it was claimed that this system would be responsible for the TIA transport 
instead of an ion-trap mechanism or ABC transporters, it seems unlikely, as at 
least physicochemical based transport will always occur and the various 
previous reports found alkaloid specificity for the uptake into the vacuole. 
Transcription factors 
Transcription factors (TFs) are sequence-specific-DNA-binding proteins 
that interact with the promoter regions of target genes and modulate the rate of 
mRNA synthesis by RNA polymerase II (Gantet and Memelink, 2002). They 
usually control the expression of more than one gene vital for normal 
development and functional physiology in plants. Several TFs have been found 
to be involved in the regulation of secondary metabolism. In C. roseus, TIA 
biosynthesis is related with plant defense and controlled by a number of signals 
including developmental cues, light, and biotic and abiotic stress. Regulation of 
TIA biosynthetic genes is coordinated by several types of TFs. 
The best-known TFs regulating TIA biosynthesis are the 
jasmonates-responsive ORCAs (octadecanoid-responsive Catharanthus 
AP2-domain proteins) from the plant-specific AP2/ERF 
(APETALA2/ethylene-responsive factor) family, i.e. ORCA2 and ORCA3, for 
which the regulation mechanism of the TIA biosynthetic genes in C. roseus is 
well established. ORCAs expression is induced by jasmonates (van der Fits and 
Memelink, 2001), which is a major and essential signaling pathway to induce 
TIA biosynthesis. Jasmonates are first converted to the bioactive jasmonate 
isoleucine derivative (JA-Ile). Perception of JA-Ile by CrCOl1 causes the 
degradation of the CrJAZ proteins, derepressing the CrMYC2 protein. CrMYC2 
then activates the expression of ORCAs, which in its turn activate the 
expression of TIA biosynthetic genes through binding to the JERE (jasmonate 
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and elicitor-responsive element) in the promoter of targeted genes (Menke et al., 
1999; van der Fits and Memelink, 2000; Zhang et al., 2011). Ectopic expression 
of ORCA3 in cell cultures of C. roseus increased the expression of the TIA 
biosynthetic genes TDC, STR, CPR and D4H, as well as two genes encoding 
primary metabolic enzymes (AS and DXS) (van der Fits and Memelink, 2000). 
This indicates that ORCA3 is a central regulator of TIA biosynthesis and 
positively regulates the biosynthesis of TIAs and their precursors. Nevertheless, 
ORCA3 does not regulate the expression of G8O and DAT. Overexpression of 
ORCA3 caused an increase of ajmalicine and serpentine but a decrease in 
tabersonine, lochnericine, and hörhammericine in hairy roots (Peebles et al., 
2009). When ORCA3 combined with G8O were overexpressed in hairy roots, 
alkaloid accumulation level analyses showed that all transgenic clones 
accumulated more catharanthine, with the highest accumulation level 6.5-fold 
more than that of the non-expression clone (Wang et al., 2010). ORCA2 from C. 
roseus was demonstrated to regulate the expressions of STR, TDC and G8O 
gene, but has no effect on the CYP related reductase (CPR), which is regulated 
by ORCA 3 (Li et al., 2013; Menke et al., 1999). Transgenic hairy root cultures 
overexpressing ORCA2 showed an average content of catharanthine that was 
increased up to 2.03 in comparison to the control lines, respectively. However, 
vinblastine could not be detected in the transgenic and control hairy root 
cultures by HPLC (Liu et al., 2011). 
The zinc finger-binding proteins ZCT1, ZCT2, and ZCT3 (members of the 
transcription factor IIIA-type zinc finger family) were found to bind to the 
promoters of STR and TDC. This interaction repressed the activity of STR and 
TDC. The binding of the ZCTs to the STR promoter has been suggested to 
counteract the activation of STR by ORCA2 or ORCA3 (Pauw et al., 2004).  
Using an enhancer domain of the STR promoter as bait in a yeast 
one-hybrid screen resulted in the isolation of CrBPF1, a periwinkle homolog of 
the MYB-like transcription-factor BPF1 from parsley (van der Fits et al., 2000). 
CrBPF1 expression is induced by elicitors but not jasmonates, which indicates 
that elicitors induce STR expression in periwinkle cells via 
jasmonic-acid-dependent and -independent pathways. 
Sequence analysis of the STR and TDC promoters shows that they contain 
a G-box or G-box-like binding site. Two G-box-binding factors, CrGBF1 and 
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CrGBF2, were subsequently identified in C. roseus and shown to repress the 
transcription of STR by binding to the G-box sequence (Siberil et al., 2001).  
A C. roseus WRKY transcription factor, CrWRKY1, is preferentially 
expressed in roots and induced by the phytohormones jasmonate, gibberellic 
acid and ethylene (Suttipantaa et al., 2011). Overexpression of CrWRKY1 in C. 
roseus hairy roots upregulated several key TIA pathway genes, especially TDC, 
as well as transcriptional repressors ZCT1, ZCT2 and ZCT3. However, 
CrWRKY1 overexpression repressed the transcriptional activators, ORCA2, 
ORCA3 and CrMYC2. Overexpression of a dominant repressive form of 
CrWRKY1, created by fusing the SRDX-repressor domain to CrWRKY1, 
resulted in down-regulation of TDC and ZCTs but up-regulation of ORCA3 and 
CrMYC2. CrWRKY1 binds to the W-box elements of the TDC promoter in the 
electrophoretic mobility shift, yeast one-hybrid and C. roseus protoplast assays. 
Up-regulation of TDC increased TDC activity, tryptamine concentration and 
resistance to 4-methyl tryptophan inhibition of CrWRKY1 hairy roots. 
Compared to control roots, CrWRKY1 hairy roots accumulated up to 3-fold 
higher levels of serpentine. The preferential expression of CrWRKY1 in roots 
and its interaction with transcription factors including ORCA3, CrMYC2 and 
ZCTs may play a key role in determining the root-specific accumulation of 
serpentine in C. roseus plants. 
The root-specific MADS-box transcription factor Agamous-like 12 (Agl12) 
from Arabidopsis thaliana was expressed on the differentiation of suspension 
cells from C. roseus (Montiel et al., 2007). The expression of Agl12 is 
sufficient to promote an organization of suspension cells into globular 
parenchyma-like aggregates but is insufficient by itself to induce complete 
morphological root differentiation. Agl12 expression selectively increases the 
expression of genes encoding enzymes involved in the early biosynthetic steps 
of the terpenoid precursor of the alkaloids. The transgenic cell lines expressing 
Agl12 produced significant amounts of ajmalicine, which indicates that TFs 
involved in tissue or organ differentiation may constitute new metabolic 
engineering tools to produce specific valuable TIAs. Murata and De Luca (2005) 
reported that ORCA3 and an AP2/ERF type of transcription factors were 
expressed in all four cell types (epidermis, IPAP, laticifers and idioblast cells). 
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NMR-based Metabolomics Catharanthus roseus 
As TIA biosynthesis is such a complex system, multiple techniques are 
required to elucidate the pathways and its regulation thereof. In the postgenomic 
era, metabolomics is the latest tool for functional genomics (Sumner et al., 
2003). Metabolomics is a fast growing powerful technology and is useful for 
phenotyping and diagnostic analyses of plants (Schauer and Fernie, 2006). It is 
rapidly becoming a key tool in functional annotation of genes and in the 
comprehensive understanding of the cellular response to various biological 
conditions. Metabolomic approaches have recently been used to assess the 
natural variance in metabolite content between individual plants, an approach 
with great potential for the improvement of the compositional quality of crops. 
Metabolomics covers metabolic profiling, fingerprinting, footprinting and 
metabolic flux analysis. Metabolomics can be used to measure the effect of 
developmental stage, environment, the daily and seasonal changes in the plant 
metabolome; the metabolic response to stress, and chemotaxonomy, which 
eventually can be used in identification of the genes involved as for example 
shown for the elucidation of the iridoid pathway in C. roseus (Miettinen, 2013). 
Metabolomics in combination with transcriptomics thus became a major tool of 
functional genomics. Moreover, metabolomics is becoming an important tool in 
the quality control of food and medicinal plants, as well as a diagnostic tool in 
health care. 
Nuclear magnetic resonance (NMR) is a very powerful method that allows 
the simultaneous detection of diverse groups of secondary metabolites 
(flavonoids, alkaloids, terpenoids, etc.) besides the abundant primary 
metabolites (sugars, organic acids, amino acids, etc.) (Kim et al., 2010). The 
non-selectiveness of NMR makes it an ideal tool for unbiased plant 
metabolomics studies. As signals are proportional to their molar concentration 
in an NMR spectrum, it is possible to make the direct comparison of 
concentrations of all compounds without the need for calibration curves of each 
individual compound. Moreover, the time of analysis is short and the sample 
preparation is simple and fast, enabling the analysis of large numbers of 
samples per hour, without the need for calibration curves for all single 
compounds for quantitation. These are major advantages if compared with the 
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more sensitive methods as MS, LC-MS and GC-MS, but NMR suffer from lack 
of absolute quantitative data. It is thus a choice between the quality of data: a 
large number of metabolites with only relative quantitation for each compound, 
or smaller number of metabolites with full quantitation. However, one should 
keep in mind that in all present metabolomics methods, the visible metabolome 
is determined, or may be better to say limited, by the method of extraction! 
Only soluble compounds will be visible, and poorly soluble compounds will 
always be present up to saturation levels, thus not showing any variation above 
that level, even when large differences in accumulation may occur in the plant. 
As the first choice for metabolomics, NMR-spectroscopy has been applied to 
plant metabolomic studies of C. roseus in every aspect, i.e. identification of 
novel metabolites, elucidation of metabolic pathways, metabolic responses to 
stress, metabolic characterization and classification, and metabolic flux analysis. 
NMR is also a very useful technique for structure elucidation using various 2D 
NMR measurements without further fractionation of the extract. Thus dozens of 
primary and secondary metabolites were identified in cell cultures, hairy roots, 
and plants of C. roseus.  
Metabolic profiling/fingerprinting combined with multivariate 
data analysis 
Metabolite profiling, fingerprinting and footprinting are commonly used as 
efficient methods in metabolomics studies. Profiling aims at quantitative 
analysis of sets of metabolites in a selected biochemical pathway or a specific 
class of compounds. Fingerprinting uses high throughput qualitative screening 
of the metabolic composition in an organism or tissue with the primary aim of 
sample comparison and discrimination analysis. Footprinting is the 
fingerprinting analysis of metabolites that are excreted by cells to the culture 
medium. Multivariate or pattern recognition techniques such as the 
well-described principal component analysis (PCA), partial least 
squares-discriminant analysis (PLS-DA) and hierarchical cluster analysis are 
useful tools to analyze complex data sets (Summer et al., 2003). PCA and 
PLS-DA are the two widely applied regression methods used to reduce the 
multidimensionality of the metabolomics data. They provide an excellent 
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platform to study, for example, the stress response in plants; quality control and 
authentication of medicinal plants (like Artemisia annua, Angelica acutiloba, 
and Panax notoginseng); classification of different plant species genotypes or 
ecotypes; identification of biomarkers for disease diagnosis; or identification of 
bioactive compounds in plants. In fact metabolomics has become the tool for 
systems biology, studying the response of the whole system, rather than a 
reductionist approach in which only a few parameters are measured. At the 
same time there is also the question what is the metabolome of a plant, in fact it 
is the mixture of the metabolome of different tissues and even cells. One may 
thus speak about a macrometabolome and a micrometabolome, and even 
nanometabolome if one regards the role of cellular compartments in the cellular 
metabolism. The above discussed localization of the TIA biosynthesis over 
different cells and cellular compartments shows that for a better understanding 
of the biosynthesis a single cell or at least single cell type metabolomics would 
be of great value. First experiments in that direction have already been made. 
The analysis of epidermis cells is a clear example (Murata and De Luca, 2005; 
Murata et al. 2008).  
Inner and outer cells of C. roseus calli treated with various elicitors in 
solid-state cultures were differentiated by 
1
H NMR spectrometry and PCA 
(Yang et al., 2009). The cells with different localization in the calli treated with 
different elicitors and relative locations could be separated in the PCA score 
plots. Especially, there was a clear separation between non-treated samples and 
those co-treated with silver nitrate and MeJA.  
To understand stress response in C. roseus, a comprehensive metabolomic 
profiling of the leaves infected by 10 types of phytoplasmas was carried out 
using one-dimensional and two-dimensional NMR spectroscopy followed by 
PCA (Choi et al., 2004). The results showed that major discriminating factors to 
characterize the phytoplasma-infected C. roseus leaves from healthy ones were 
increases of metabolites related to the biosynthetic pathways of 
phenylpropanoids and terpenoid indole alkaloids: chlorogenic acid, loganic acid, 
secologanin, and vindoline. Furthermore, higher abundance of glycine, glucose, 
polyphenols, succinic acid, and sucrose were detected in the 
phytoplasma-infected leaves. Based on the NMR and PCA analysis, it seems 
that the biosynthetic pathway of terpenoid indole alkaloids, together with that of 
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phenylpropanoids, is stimulated by the infection with a phytoplasma. The effect 
of salicylic acid (SA) on the metabolic profile of C. roseus cell cultures in a 
time course (0, 6, 12, 24, 48 and 72 h after treatment) was studied using 
1
H-NMR spectrometry and PCA (Mustafa et al., 2009a). Adding 25 μmol of 
sodium SA into 100 mL of 5 days-old cell cultures altered the metabolome 
compared with the non-treated cells. A dynamic change in amino acids, 
phenylpropanoids, and tryptamine was found in cells at 48 h after SA treatment. 
Additionally, 2,5-dihydroxybenzoic-5-O-glucoside was detected only in 
SA-treated cells (Mustafa et al., 2009a). 
Metabolic flux analysis based on 
13
C labeling experiment 
One of the problems of metabolomics is that it is like a picture, it measures 
the amounts of compounds present at a certain time point, but it does not tell 
anything about the turnover. A major compound can be a stored product or part 
of a very active metabolic pathway, only measuring the dynamics of the system 
can give the answer, that means measuring the flux through pathways, making a 
film, rather than a picture. 
Metabolic flux analysis (MFA), the quantification of all intracellular fluxes 
in an organism, is thus an important cornerstone of metabolic engineering and 
systems biology. Each flux reflects the function of a specific pathway within the 
network. As all biological activity is related to metabolic activity, it is these 
fluxes that deliver the phenotype of an organism (Ratcliffe and Shachar-Hill, 
2005). Flux measurements complement transcriptomic, proteomic, and 
metabolomic technologies in defining phenotypes, and provide a useful 
complementary parameter for the system-wide characterization of metabolic 
networks. MFA on different phenotypes in plants can provide valuable 
information, which facilitates to select metabolic engineering targets, elucidate 
metabolic pathways, and construct metabolic models (Stephanopoulos and 













N isotope-labeled compounds are added to the organisms studied. The 
chromatographic-MS approaches do allow to determine the overall percentage 
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(Ratcliffe and Shachar-Hill, 2005). The 
13
C isotope is widely used since it is not 
radio-active and NMR analysis allows determining the precise site of the label 
in a molecule. Natural abundance of 
13
C is 1.1%, so already a labeling of 1.1% 
will lead to a doubling of the percentage of the carbon being labeled and 





CLE)-based MFA have been applied to C. roseus for pathway 
elucidation, for finding crosslinks between pathways, and for flux quantification 
in the central carbon metabolism. 
In C. roseus, mevalonate was first considered to be the exclusive precursor 
of isopentenyl diphosphate in the biosynthesis of secologanin. However, later 
research indicated that the MEP pathway might be the alternative pathway 
involved. A feeding experiment using [1-
13
C] glucose to C. roseus cell cultures 
followed by analysis of its incorporation into secologanin using 
13
C NMR 
spectroscopy was performed. The data on the sites of incorporation of the 
13
C 
label showed that the MEP pathway and not the mevalonate pathway was the 
major route for secologanin biosynthesis (Contin et al., 1998). The biosynthetic 
pathways of SA and 2,3-dihydroxybenzoic acid (2,3-DHBA) were studied 
through a similar feeding-NMR method. The data led to the conclusion that the 
isochorismate pathway is responsible for the biosynthesis of both compounds, 
presenting the first full chemical evidence for the isochorismate pathway for the 
biosynthesis of SA as an important signal molecule plants (Mustafa et al., 
2009b; Budi Muljono et al., 2002a,b).  
In order to assess quantitatively the crosstalk between the MEP pathway 
and the mevalonate pathway, [2-
13
C1] mevalonolactone or [U-
13
C6] glucose 
were supplied to C. roseus cell cultures grown in light or dark (Schuhr et al., 
2003). The incorporations of exogenous [2-
13
C1] mevalonolactone were 48% 
and 7% into the DMAPP and IPP precursors of sitosterol and lutein, 
respectively. With [U-
13
C6] glucose as precursor, at least 95% of sitosterol 
precursors were obtained from the mevalonate pathway, whereas phytol 
appeared to be biosynthesized via the deoxyxylulose phosphate pathway 
(approximately 60%) as well via the mevalonate pathway (approximately 40%). 
Hairy roots of C. roseus, as a pharmaceutically significant plant 
compounds production system and an important metabolic engineering target, 
were used as a model system in the study of CLE-based MFA. [U-
13
C6] glucose 
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was fed to the hairy roots of C. roseus to investigate its elemental and 
biomolecular composition, in which the abundances of lipids, lignin, cellulose, 
hemicellulose, starch, protein, proteinogenic amino acids, mineral ash, and 
moisture were quantified (Sriram et al., 2006). Moreover, 12 biomass synthetic 
fluxes were precisely calculated in the metabolic map of the plant system of C. 
roseus hairy roots. The results show the flux of the carbons from β-glucose 
consumed by the hairy roots into various products, which enables the design of 
metabolic engineering strategies to divert carbon to the economically attractive 
TIAs (Sriram et al., 2006). The application of “bondomers”, which are isomers 
of a metabolite differing in the connectivity of their C-C bonds, was introduced 
to MFA study as a computationally alternative to the isotopomer concept in C. 
roseus (Sriram et al., 2007). Hairy roots were cultured on (5% w/w [U–
13
C6], 
95% w/w naturally abundant) sucrose. HSQC and COSY spectra of the 
hydrolyzed aqueous extract was acquired from the hairy roots. Analysis of these 
spectra yielded a data set of 116 bondomers of beta glucans and proteinogenic 
amino acids from the hairy roots. Fluxes were evaluated from the bondomer 
data by using comprehensive bondomer balancing, most of which were 
identified in a three-compartment model of central carbon metabolism with 
good precision. Pentose phosphate pathways were observed to occur in parallel 
in the cytosol and plastids with significantly different fluxes. The fluxes 
between phosphoenolpyruvate and oxaloacetate in the cytosol and between 
malate and pyruvate in the mitochondria were relatively high (60.1 ± 2.5 mol 
per 100 mol sucrose uptake, or 22.5 ± 0.5 mol per 100 mol mitochondrial 
pyruvate dehydrogenase flux). 
The development of a comprehensive flux analysis tool for the plant 
system of C. roseus is expected to be valuable in assessing the metabolic impact 
of genetic or environmental changes. 
Combination of omics tools for system biology 
Integration with multiple omics is exercised to predict gene functions and 
characterize the complex interaction and coordination of plant metabolic 
network in biological processes from a system biological point of view 
(Fukushima et al., 2009b). Combination of non-targeted approaches, such as 
transcriptomics and metabolomics, can reveal potential gene-to-metabolite 
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networks (Urbanczyk-Wochniak et al., 2003), filter out candidate genes for 
certain metabolic pathways (Okazaki et al., 2009), and suggest gene functions 
by overexpression (Lackman et al., 2011). The integration of omics approaches 
can help to reveal the organization of the whole system and thus to identify 
interesting targets for further studies. A good exampe is the study on the 
circadian clock mechanism of Arabidopsis thaliana (Fukushima et al., 2009a). 
In total seven mutants were investigated the physiological relevance of Pseudo 
Response Regulators (PRR 9, 7, and 5) in Arabidopsis, including two 
arrhythmic plants, a Cicardian Clock-Associated1 overexpressor line (CCA1-ox) 
and a PRR 9, 7, and 5 triple mutant (d975). Based on metabolite profiling, d975 
displayed a dramatic increase in intermediates in the tricarboxylic acid cycle 
while CCA1-ox showed less change in primary metabolism. The integrated 
approach with transcriptomics and metabolomics data showed that PRR9, 7, 
and 5 downregulate the biosynthetic pathways of chlorophyll, carotenoids and 
abscisic acid, and α-tocopherol, highlighting them as additional outputs of 
pseudo-response regulators. These results suggested that mitochondrial 
functions are coupled with the circadian system in plants (Fukushima et al., 
2009a). 
A comprehensive profiling analysis of C. roseus was performed by 
combining genome-wide transcript profiling of cDNA-amplified 
fragment-length polymorphism with metabolic profiling of elicited C. roseus 
cell cultures to yield a collection of known and previously undescribed 
transcript tags and metabolites associated with TIAs (Rischer et al., 2006). 
Previously undescribed gene-to-gene and gene-to-metabolite networks were 
drawn up by searching for correlations between the expression profiles of 417 
gene tags and the accumulation profiles of 178 metabolite peaks. These 
networks revealed that the different branches of terpenoid indole alkaloid 
biosynthesis and various other metabolic pathways are subject to different 
hormonal regulation. These networks also served to identify a select number of 
genes and metabolites likely to be involved in the biosynthesis of terpenoid 
indole alkaloids. So, the combination of multiple omics tools should contribute 
greatly to identification of key regulatory steps and characterization of the 
pathway interaction in various processes, aiming at elucidating the systemic 
coordination and communication among plant metabolic network. 
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The future prospects 
With the rapid development of novel tools of modern plant molecular 
biology and chemistry, the knowledge of TIA biosynthesis and its regulation in 
C. roseus has greatly improved in the past decades. However, there are still 
quite a few unexplored parts of the pathway. More research is needed for 
discovering the missing structural genes, enzymes and intermediates of the 
pathway, as well as genes involved in the regulation of the pathway. This 
knowledge is needed to develop genetically modified plants, plant cells or 
microorganisms for the commercial production of the very valuable dimeric 
alkaloids. So far the genetic modification of the plant, plant cell cultures or 
microorganisms did not lead to the desired economically feasible production of 
TIA. In fact it seems that the pathway is more complex than just a series of 
enzyme catalyzed steps. Compartmentation of the pathway in the plant involves 
several different cell types, and in these cells of all compartments is one of the 
complicating factors. This complexity makes it unlikely that a cell suspension 
culture will be able to perform all steps of the pathway. For a successful 
biosynthesis all the logistics must be in place, which means that every 
intermediate and all necessary cofactors and ATP required for the biochemical 
reactions are present on the right time, in the right quantity, on the right place.  
Moreover, the TIA pathway does not exist independently in the total 
metabolic network of the plant but crosslinks and interacts with other branching 
pathways, which means it is part of a complex matrix, which raises the question 
how much of the total carbon flux in the plant can be channeled into TIA 
biosynthesis. To eventually solve all these problems a systems biology approach 
is required, which means that all omics will be needed to identify the missing 
links in the TIA biosynthetic pathway, and map the dynamics of the system. The 
availability of the full sequences from transcriptomics of many indole alkaloid 
producing plants under different conditions will be of great use to identify the 
structural genes of the pathways. The regulatory genes might be more difficult 
as in the different species the regulation of the biosynthesis can be different. 
Even in a single plant the regulation will be different between different TIA 
producing tissues, and between single cells dealing with different parts of the 
pathway. The single cell approach will thus be a major tool for unraveling 
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pathways and its regulation and the physiological role of the alkaloids for the 
plant. Concerning the compartmentation and transport also the single cell 
analysis will be important as it is likely that the different cell types involved 
will have different patterns of selective transporters for uptake and extrusion of 
intermediates in the different cellular compartments and for the whole cell itself. 
For example, in a leave there will probably be transporters for extrusion of 
loganic acid in the iridoid producing cells, whereas epidermis cells will have a 
transporter protein for the selective uptake of this compound. Non alkaloid 
producing cells may lack this transporter, or have a transporter that extrudes 
again this intermediate. Also the specific accumulation of the alkaloids in 
certain cells requires specific uptake and/or extrusion of alkaloids.  
There is thus still a long and challenging way to go for complete 
understanding of the TIA biosynthesis. This knowledge will be of great value 
for our overall understanding of secondary metabolism in plants. Such research 
with no doubts will also generate knowledge that can lead to improved 
production of the dimeric alkaloids, similarly like the finding of the mechanism 
of the coupling of catharanthine and vindoline (Goodbody et al., 1988) has 
resulted in an industrial scale chemical production of the dimers from the 
readily available monomers! This made the monomers as the prime production 
target instead of the dimeric alkaloids.  
Only genetic/molecular tools are not sufficient to figure out the landscape 
of TIA biosynthesis and regulation. Metabolomics, as a powerful technique to 
reveal changes in metabolic fluxes, is the ultimate level of post-genomic 
analysis and facilitates to get a deeper insight in the function of genes and 
pathways through a systems biology approach. Combination of metabolomics 
with other “omics” will speed up the elucidation of the TIA pathway and lead to 
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A rapid and simple reversed phase liquid chromatographic system has been 
developed for simultaneous analysis of terpenoid indole alkaloids (TIAs) and 
their precursors. This method allowed separation of 11 compounds consisting of 
eight TIAs (ajmalicine, serpentine, catharanthine, vindoline, vindolinine, 
vincristine, vinblastine, and anhydrovinblastine) and three related precursors i.e. 
tryptophan, tryptamine and loganin. The system has been applied for screening 
the TIAs and precursors in Catharanthus roseus plant extracts. In this study, 
different organs i.e. flowers, leaves, stems, and roots of C. roseus were 
investigated. The results indicate that TIAs and precursor accumulation varies 
qualitatively and quantitatively in different organs of C. roseus. The precursors 
showed much lower levels than TIAs in all organs. Leaves and flowers 
accumulate higher levels of vindoline, catharanthine and anhydrovinblastine 
while roots have higher levels of ajmalicine, vindolinine and serpentine. 
Moreover, the alkaloid profiles of leaves harvested at different ages and 
different growth stages were studied. The results showed that the levels of 
monoindole alkaloids decreased while bisindole alkaloids increased with leaf 
aging and upon plant growth. The HPLC method has been successfully applied 
to detect TIAs and precursors in different types of C. roseus samples to 

















Catharanthus roseus is famous for its diversity of more than 130 terpenoid 
indole alkaloids (TIAs). Among them the bisindole alkaloids 
anhydrovinblastine, vinblastine and vincristine, of which the latter two are 
prescribed for the treatment of various types of cancer (van der Heijden et al. 
2004), whereas the monoindoles ajmalicine and serpentine are used for their 
sedative activity in the treatment of hypertensia, as well as their antidiabetic 
activity (Benjamin et al., 1994; Ahmed et al., 2010; Datta et al., 2010).  
With the elucidation of intermediates, enzymes, genes and transcription 
factors in the TIA pathway, great effort has been made on the metabolic 
engineering of TIA biosynthesis in C. roseus cells and hairy roots for increasing 
valuable TIAs production by genetic modification (Verpoorte et al. 2000; 
Verpoorte and Memelink 2002; Hughes et al. 2004; Zhao and Verpoorte, 2007; 
Zarate and Verpoorte, 2007). It is crucial to identify and quantify the 
metabolites and fluxes in the TIA pathways and its related precursor branches. 
Various analytical techniques and methods have been significantly improved to 
highly efficient, fast, and accurate high-throughput tools for screening and 
analyzing qualitatively and quantitatively the profiles of alkaloids in C. roseus 
plants, cell cultures and hairy roots. Thin-layer chromatography (TLC), 
high-performance liquid chromatography (HPLC) and ultra-performance liquid 
chromatography (UPLC) are general separation techniques coupled with 
different types of detectors, such as fluorescence, UV-detection (photo diode 
array), ESI-MS, MS-MS, NMR and CD, which are useful in identifying and/or 
quantifying different types of TIAs and precursors (Monforte-González et al., 
1992; Choi et al., 2004; Zhou et al., 2005; Ferreres et al., 2010; He et al., 2011). 
HPLC-UV is a favored technique that can separate, identify and quantify 
alkaloids due to the efficiency, reproducibility, availability in most laboratories, 
simple sample preparation, and ability of both qualitative and quantitative 
analysis. However, the capacity of TIAs separated in one run by one HPLC 
method is always limited from two to seven alkaloids (Hisiger and Jolicoeur, 
2007). Two different HPLC methods were developed to separate and analyse 
six TIAs and four precursors respectively (Tikhomiroff and Jolicoeur 2002). 
However, it would be better to simultaneously measure both TIAs and 




precursors in the complex matrix of C. roseus plant extracts by one simple 
method. 
Generally, TIAs and precursors are analyzed by two different HPLC 
separation methods due to their different characteristics. The most efficient 
method for precursor analysis was reported to be a separation of five 
compounds from an extract (Dagnino et al., 1995 and 1996). The published 
methods for TIA analysis were able to separate two to seven alkaloids (Hisiger 
and Jolicoeur, 2007). However, there have been no studies reporting a single 
method to separate both precursors and TIAs in a sample extract. It is thus 
necessary to achieve further improvements to obtain a simple and fast HPLC 
technique for analysis of C. roseus alkaloid metabolism. Here, we were inspired 
by the work of Tikhomiroff and Jolicoeur (2002) to develop such a method. 
Terpenoid indole alkaloid biosynthesis has a tight relationship with tissue 
differentiation and cell compartmentation, which limits the use of C. roseus 
tissue cultures (cells and hairy roots) in the industrial production of valuable 
alkaloids. Bisindoles, such as vincristine and vinblastine, are synthesized in 
aerial parts of the plant, mainly in leaves (De Luca and Laflamme, 2001), 
whereas vingramine and methylvingramine have been reported to be detectable 
only in seeds of C. roseus (Jossang et al. 1998). Ajmalicine, serpentine, 
hörhammericine, lochnericine, 19-hydroxytabersonine, 
19-O-acetyl-hörhammericine and echitovenine are mostly present in roots 
(Shanks et al. 1998; Laflamme et al. 2001; Rodriguez et al. 2003), and are 
rarely detected in cell cultures (Kutney et al. 1980). Vindoline, one of the two 
precursors of the bisindole alkaloids, is produced in the green parts of the plant 
and does not exist in the roots, hairy roots or cell cultures (He et al. 2011). 
Moreover, the activity of key enzymes LAMT and 16-hydroxytabersonine 
O-methyltransferase (16OMT) showed a negative relation with leaves age 
(Murata et al., 2008). Previous publications reported that the alkaloid content 
changed coinciding with the different developmental stages of C. pusillus plants 
(Zarate et al., 2001). However, C. pusillus does not produce the bisindoles 
vinblastine and vincristine. 
In this study, a single HPLC-UV method was developed to simultaneously 
analyze eight TIAs (vindoline, catharanthine, ajmalicine, serpentine, vindolinine, 
anhydrovinblastine, vinblastine and vincristine) and three precursors 




(tryptophan, tryptamine and loganin) in C. roseus plant materials. The contents 
of TIAs and precursors were analyzed and compared among flowers, young 
leaves, old leaves, stems and roots of C. roseus. In addition, the metabolic 
profile of TIAs and precursors in leaves of different ages and growth stages 
were studied in order to evaluate the accumulation and distribution of TIAs in 
space and through time.  
Materials and methods 
Chemicals  
The HPLC grade acetonitrile and methanol was bought from Carl Roth 
GmbH (Karlsruhe, Germany) and Biosolve B.V. (Valkenswaard, The 
Netherlands), respectively. Methanol and ethanol were of analytical reagent 
(AR) grade from Biosolve B.V. Loganin and vindoline were bought from 
PhytoLab, Vestenbergsgreuth, Germany. Tryptamine was purchased from 
Aldrich Chemical, Milwaukee, WI, USA. Tryptophan, vindolinine and 
ajmalicine were purchased from Sigma-Aldrich, St. Louis, MO, USA. 
Serpentine was purchased from Carl Roth GmbH. Catharanthine, 
anhydrovinblastine, vinblastine and vincristine were from Pierre Fabre, Gaillac, 
France. NaClO2 was purchased from Sigma-Aldrich. 
HPLC conditions 
The chromatographic system was an Agilent Technologies 1200 series, 
consisting of a G1322A vacuum degasser，a G1310A pump, a G1329A 
auto-sampler，and a G1315D diode array detector (Agilent Techologies Inc). 
The column was an Agilent Eclipse XDB-C18 column (4.6×250 mm, 5 μm 
particle size) (Agilent Techologies Inc., Santa Clara, CA, USA), coupled with a 
SecurityGuard
TM
 column (Phenomenex, Torrance, CA, USA).  
The mobile phase consisted of a mixture of 5 mM Na2HPO4 (pH adjusted 
to 6 with HCl) (solvent A) and methanol (solvent B) at a flow rate of 1.5 ml per 
min. The eluent profile (solvent A / solvent B) was set to a linear gradient from 
86:14 to 14:86 at 0-26 min, an isocratic mode (14:86 v/v at 26-30 min), a linear 
gradient from 14:86 to 86:14 at 30-35 min, an isocratic elution with 14:86 (v/v) 




at 35-37 min. The injection volume was 30 µl.  
Identification and quantitation 
Standard solutions were prepared following Tikhomiroff and Jolicoeur 
(2002). The quantification was performed using six levels of external standards. 
Level 6 consisted of a dilution (1:50, v/v) of stock solution (5 mg/mL) in 
methanol. Levels 5 to 1 were obtained by dilution of level 6 by a factor 2, 4, 8, 
16 and 32 respectively. The ranges obtained were 2-4 µg/ml to 64-128 µg/ml 
depending on the concentration of each compounds’ stock solution. 
Identification of alkaloids from the plant extracts was performed by comparison 
of the UV spectra and retention time with those of authentic standards. Each 
calibration curve was obtained by making each concentration in triplicates and 
measuring them. Test samples were analyzed in triplicate for quantification 
using the calibration curves of the standards. The limit of detection and 
extraction yield was measured as described by Tikhomiroff and Jolicoeur 
(2002).  
Plant materials 
Seeds of C. roseus (cv. Pacific Cherry Red) were purchased from 
PanAmerican Seed Company (West Chicago, IL, U.S.A.). The seeds were 
surface sterilized in 75% (v/v) ethanol for 2 min and 5% (v/v) NaClO2 for 
another 5 min. Subsequently, seeds were washed five times with sterile distilled 
water and germinated on Petri dishes containing MS (Murashige and Skoog, 
1962) basal medium. Cultures were grown under 16 h light and 8 h dark 
photoperiod at 25 ± 2 °C. After germination for 2 weeks, seedlings were 
transplanted into soil and cultivated in the greenhouse. When blooming, flowers, 
leaves, stems and roots of the plants were separately harvested and directly 
frozen in liquid nitrogen for the following experiments. Some plants of another 
batch were collected at 4:00 pm of the 30th, 44th, 62th, 79th and 99th days after 
germination in order to observe the change of alkaloid content during the 
growth stages. Samples of each observation group were meassured in triplicate. 
 





Freshly collected sample materials were ground in liquid nitrogen using 
mortar and pestle. Subsequently, the samples were lyophilized for 72 hours. The 
dried sample (30 mg) was put in a micro-tube and extracted with 1 ml methanol 
by vortexing and a sonication (30 min) in an Ultrasonic bath (DL-60D). Then, 
samples were centrifuged at 12,000 rpm for 10 min at room temperature and the 
supernatant was filtered with 0.45 μm needle type PTFE membrane filter prior 
to HPLC analysis. 
Data statistical analysis 
All experiments were conducted with three replicates. Statistical analysis 
was performed using one way analysis of variance (ANOVA) followed by 
Duncan’s Multiple Range (DMRT) test. The values are mean ± standard 
deviation for three samples in each group. Level of significance set at 0.05 
(Alpha<0.05) was considered as significant. The ANOVA for all the data was 
performed by SPSS (version 20.0, Chicago, IL, USA). 
Results and discussion 
Separation of standards 
The HPLC method was developed for simultaneous analysis of both TIAs 
and their precursors. This method is based on the work of Tikhomiroff and 
Jolicoeur (2002). Methanol and acetonitrile (ACN) are common organic 
solvents used as mobile phase in reversed phase-HPLC. Considering the global 
shortage of ACN, methanol was used to develop a single HPLC method for 
separation of the TIAs and precursors in this study. Accuracy of the pH was 
critical to achieve the separation (Tikhomiroff and Jolicoeur, 2002). The 
composition of mobile phase was optimized for proportions of the 5 mM of 
potassium phosphate buffer pH 6 (solvent A) and methanol (solvent B), which 
provided a good separation of eight TIAs (serpentine, vindoline, vincristine, 
catharanthine, vinblastine, ajmalicine and anhydrovinblastine) and three 
precursors i.e. tryptophan, tryptamine and loganin. Figure 1 shows the 




chromatogram of the mixture of the reference compounds. Retention time, UV 
wavelength, and quantification range of standard compounds are presented in 
table 1. 
 











Tryptophan 5.211 280 6.07 - 109.99 66.09±5.6 
Tryptamine 7.654 280 1.43 - 94.84 109.22±3.2 
Loganin 10.332 238 4.28 - 102.12 85.87±4.1 
Serpentine 17.553 306 2.95 - 83.17 23.96±3.6 
Vindolinine 19.752 220 3.04 - 85.39 64.95±4.7 
Vindoline 24.002 220 3.20 - 99.94 58.61±5.2 
Vincristine 24.934 220 3.62 - 95.68 72.64±7.2 
Catharanthine 25.445 280 1.46 - 99.60 36.38±4.8 
Vinblastine 26.071 220 0.28 - 33.51 64.95±5.1 
Ajmalicine 26.362 280 0.17 - 56.10 106.81±10.3 
Anhydrovinblastine 29.784 220 3.77 - 98.38 65.53±3.8 
Results are the mean of 3 replicates ± standard deviation. 
 
Under the described HPLC conditions, a linear relationship between the 
concentration of precursors and TIAs and their UV absorbance at 254 nm was 
obtained. The correlation coefficient for the standard curves (r
2
) exceeded 0.99 
(Table 2). Based on the standard deviation (SD) of the response and the slope (S) 
of the calibration curves, the limit of detection (LOD) was calculated according 
to the formula (Shabir, 2003): LOD = 3.3 (SD/S) and the limit of quantification 
(LOQ) was calculated following the formula: LOQ = 10(SD/S). The SD of the 
response was determined based on the y-intercepts of regression lines. Results 








Table 2. Equations for regression lines, correlation coefficients, limit of detection 








Tryptophan y = 357409x - 59.649 0.9953 0.55  1.67  
Tryptamine y = 322821x + 41.738 0.9943 0.43  1.29  
Loganin y = 203553x - 24.251 0.9987 0.39  1.19  
Serpentine y = 3000000x - 531.15 0.9993 0.58  1.77  
Vindolinine y = 98946x - 11.484 0.9934 0.38  1.16  
Vindoline y = 704511x + 25.892 0.9997 0.12  0.37  
Vincristine y = 157734x - 8.3234 0.9989 0.17  0.53  
Catharanthine y = 257481x + 104.35 0.9998 1.34  4.05  
Vinblastine y = 418103x + 91.45 0.9992 0.72  2.19  
Ajmalicine y = 1000000x - 1283.9 0.992 4.24  12.84  
Anhydrovinblastine y = 382040x + 40.505 0.9982 0.35  1.06  
 
Repeatability was checked by analyzing five times the same sample, by the 
same analyst, within the same day. Relative standard deviation (RSD) varying 
between 1.19% and 2.95% indicated that the repeatability of the procedure was 
good. Intermediate precision determined by different analysts on three separate 
days was also found satisfactory (RSD ranging from 1.58% to 3.10%). 
The extraction yield was measured to validate the extraction method for 
each studied compound and shown to be dependent on the compound (Table 1). 
The recoveries of most compounds (except serpentine) were higher than those 
reported by Tikhomiroff and Jolicoeur (2002), indicating that the method was 
appropriate for screening of both TIA and precursors in C. roseus plants. 






Fig. 1 HPLC-DAD chromatograms of the standard mixtures (TIAs and precursors) 
and methanol crude extracts of flower, leaf, stem and root of Catharanthus roseus 
at wavelength of 254 nm. 1. Tryptophan; 2. Tryptamine; 3. Loganin; 4. Serpentine; 
5. Vindolinine; 6. Vindoline; 7. Vincristine; 8. Catharanthine; 9. Vinblastine; 10. 
Ajmalicine; 11. Anhydrovinblastine. 
 




The profile of alkaloids and precursors in different organs  
The extraction and the chromatography method were evaluated by 
extraction of different organs i.e. flower, leaf, stem, and root of C. roseus with 
methanol and analyzing the extracts using the HPLC system. Figure 1 shows 
the chromatograms of crude extracts of C. roseus different organs. Most of the 
alkaloids were detected in the leaves, where also the precursors tryptophan and 
of the iridoid pathway are found. The leaf TIAs included ajmalicine, serpentine, 
vindoline, catharanthine, as well as the bisindole alkaloids of 
anhydrovinblastine and vinblastine. Vindolinine, vindoline, catharanthine, 
ajmalicine, and anhydrovinblastine were detected in the flowers. In contrast, no 
bisindole alkaloids were detected in C. roseus stems, but tryptophan, serpentine, 
vindoline and catharanthine were identified in this organ. Similarly, no 
bisindole alkaloids were found in the roots, but serpentine, vindolinine, 
catharanthine and ajmalicine were clearly detected. Furthermore, quantitative 
analysis was performed to evaluate the levels of precursors and TIAs in 
different organs (Table 3).  
 
Table 3. The levels of TIAs and precursors in flower, leaf, stem and root of 
Catharanthus roseus during flowering. *-: not detected 






Tryptamine - - - - 























 0.06±0.01 - 






















 1.30±0.51 - - 
a, b, c
: significant difference (Alpha<0.05 by ANOVA) 
DW: dry weight; Results are the mean of 3 replicates ± standard deviation. 




The results showed that leaves contain the highest levels of tryptophan, 
vindoline, catharanthine, and anhydrovinblastine, among which the 
accumulation of vindoline and catharanthine were significantly higher in leaves 
than in other organs. While the accumulation of vindolinine, ajmalicine and 
serpentine were found highest in the roots. Both flowers and stems contained a 
relatively low level of TIAs and precursors. For the different organs that have 
been analyzed, vinblastine was only detected in the leaves, while tryptamine 
and vincristine were not detected in any organ. Transcriptome analysis showed 
a significant difference of gene expression pattern in C. roseus leaves and roots 
(Shukla et al., 2006). It was reported that complex alkaloid fluctuations were 
recorded from organ to organ in C. pusillus, which also belongs to the genus 
Catharanthus (Zarate et al. 2001).  
Alkaloids in leaves of different age 
Leaves at different positions along the stem are of different age. Younger 
leaves are in the upper-3-layers from the top and the older ones are in the 
lower-3-layers from the bottom (El-Sayed and Verpoorte 2005). The leaves in 
the middle layers (excluded from upper- and lower- layer leaves) are at an age 
in between. In this study, the levels of TIAs and precursors were measured at 
the three different layers of leaves along the stem of C. roseus plants (Fig. 2), 
which represents different leaf ages. The levels of TIAs (serpentine, vindolinine, 
vindoline, catharanthine and ajmalicine) decreased while the precursors loganin 
and tryptophan increased as C. roseus leaves were aging. Bisindole alkaloids 
anhydrovinblastine and vinblastine showed the highest level in the middle-layer 
leaves with a fluctuating pattern of accumulation. Statistical analysis showed 
that the levels of monoindole alkaloids were significantly higher in upper-layer 
leaves, and precursor levels were significantly higher in lower-layer leaves, 
while the levels of bisindole alkaloids were significantly higher in middle-layer 
leaves. The difference of accumulation pattern between monoindole and 
bisindole alkaloids indicates that their levels were not directly correlated to each 
other. Previous studies reported that the biosynthesis of vinblastine is related 
with the age of leaves (Naaranlahti et al. 1991). Moreover, it was revealed that 
the activity of biosynthetic enzymes (NMT, 16-OMT and LAMT) decreased as 
the leaf age of C. roseus increased (Murata et al., 2008). Our results indicate 




that when leaves are getting older, the alkaloid precursors are accumulating but 
seem not to be available for the biosynthesis of monoindole alkaloids as they 
show a reduction of their level. Bisindole alkaloids accumulated in aging leaves. 
The production of defense compounds is highest in younger leaves as these 
leaves have the highest potential for photosynthesis for the plant (Smith, 1966; 
Mc Key, 1974; van Dam et al., 1995; Barto and Cipollini, 2005). This results 
thus in the highest levels in the youngest leaves. But the total absolute amount 
of alkaloid in a leave is more or less the same for young and old leaves. The 




Fig. 2 Terpenoid indole alkaloids and precursors content in Catharanthus roseus 
leaves at different ages. Layer from upper to lower represents leaves getting old 
with aging. Different letters indicate significant difference (Alpha<0.05 by 
ANOVA). Results are the mean of 3 replicates ± standard deviation. DW: dry 
weight. 
Alkaloids in the growth stage of C. roseus plants 
The C. roseus plants got mature and began to flower at around 65 ~ 75 
days after sowing. The flowering stage lasted for at least 3 months. In this study, 
we observed the TIA levels in the leaves from the seedling stage to flowering 
stage (Fig. 3). 






Fig. 3 Levels of TIAs and loganin in Catharanthus roseus leaves during growth 
stage. Results are the mean of 3 replicates ± standard deviation. DW: dry weight. 
 
The major two TIAs in C. roseus leaves were vindoline and catharanthine, 
which are the precursors of bisindole alkaloids. Accumulation of vindoline and 
catharanthine at the seedling stage, tended to increase and reached the highest 
levels at day 44 (2.74 μg/g DW and 5.96 μg/g DW) before flowering, and 
subsequently declined with the flowering time. Ajmalicine levels had a similar 
pattern with that of vindoline and catharanthine, reaching the highest level at 
day 44 (0.15μg/g DW). In C. pusillus, samples of the cotyledons had the highest 
value of ajmalicine (Zarate et al., 2001). Other TIAs, such as serpentine and 
vindolinine, showed different patterns. The contents of serpentine and 
vindolinine increased to the value of 0.54 μg/g DW and 0.35 μg/g DW 
respectively at the seedling stage and remained similar to the flowering stage. 
The accumulation patterns of the bisindole alkaloids anhydrovinblastine and 
vinblastine were totally different from their precursors. Both of them 
accumulated at the flowering time and displayed the highest levels (1.90 μg/g 
DW and 0.46 μg/g DW) at day 99 at the flowering stage. The alkaloid yields 
depend on the developmental stage of plants (Verpoorte, 1998; Zarate et al., 
2001). These results indicate that before flowering the C. roseus plants already 
actively accumulate various important TIAs possibly as defence for the growing 
plant (Luijendijk et al., 1996; Meisner et al., 1981; van Dam et al., 1995). Since 
bisindole alkaloids increased as leaves aged (El-Sayed and Verpoorte, 2005), 




the mature- and flowering plants produced more bisindole alkaloids than the 
seedlings. 
Conclusion 
An HPLC method was developed and validated for simultaneously 
determination of eight TIAs and three precursors in C. roseus. The levels of 
TIAs and their precursors varied between tissues and upon growth of C. roseus 
plants. Flowers and leaves produced more types of TIAs than stems and roots 
did. Leaves were the major site to accumulate vindoline, catharanthine and 
anhydrovinblastine whilst roots accumulated most vindolinine, ajmalicine and 
serpentine. Vinblastine was only detected in leaves. With leaves aging the levels 
of monoindole alkaloids decreased, but the levels of their precursors tryptophan 
and loganin increased. The middle-age leaves constituted the major repository 
site of bisindole alkaloids. Upon the blooming of plants, the levels of vindoline, 
catharanthine and ajmalicine increased before flowering and decreased during 
flowering, whilst anhydrovinblastine and vinblastine accumulated at the 
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Flower color is a complex phenomenon involving a wide range of 
secondary metabolites, e.g. phenolics and carotenoids as well as co-pigments. 
Biosynthesis of those metabolites occurs through complex pathways and is 
finally expressed mostly in flowers. It was of interest, thus, to investigate the 
correlation between flower color and the metabolic profiles of the plant to find 
chemomarkers in other organs (leaf, stem, and root), which might facilitate 
prediction of the flower color of a plant. To investigate the metabolic profiles of 
leaves, stems, roots and flowers of Catharanthus roseus (Pacific cherry red) 
with four flower colors (orange, pink, purple, and red), 
1
H-NMR and 
multivariate data analysis were used to characterize the metabolites in the 
organs. The results showed that flower color is characterized by a special 
pattern of metabolites such as anthocyanins, flavonoids, organic acids, and 
sugars; the leaves, stems, and roots also presented metabolic differences 
according to the flower color. Plants with orange flowers featured a relatively 
high level of kaempferol analogues in all organs except roots; those flowering 
red showed a high level of malic acid, fumaric acid and asparagine in both 
flowers and leaves; those flowering purple and pink presented a high level of 
sucrose, glucose and 2,3-dihydroxybenzoic acid. Quercetin analogues are 
highest in the flowers and leaves of purple flower plants. Compounds in 
different plant parts related to specific flower colors must be a result of similar 
biosynthetic pathways and interactions between these pathways. Most 
importantly it seems possible to predict the flower color through profiling the 





















Flowers, as reproductive organs, have developed a great diversity of colors. 
The chemistry of color is particularly associated to the presence of a wide range 
of metabolites. Flower pigments fall into three major categories: flavonoids, 
carotenoids, and betalains. It is possible to find both flavonoids and carotenoids 
in the same flower (Miller et al. 2011). Flavonoids derive from the 
phenylpropanoid biosynthetic pathway (Mustafa and Verpoorte, 2007) and are 
responsible for the widest variety of flower colors. They include flavonols, 
flavones, isoflavonoids and anthocyanins. Anthocyanins are responsible for the 
red, pink, mauve, purple, violet, and blue color of most flowers. Anthocyanins 
can adopt different resonance structures depending on the pH, their bonding to 
co-pigments, such as organic acids or phenylpropanoids, and molecular stacking 
with metals, all of which result in the wide range of colors in flowers (Robinson 
et al., 1938; Yoshida et al., 2003; 2009; Malien-Aubert et al., 2001; 
Mulder-Krieger and Verpoorte, 1994). 
The flower is an important phenotype of plants and its color may be 
correlated with the metabolic activities in the whole plant, as exemplified by the 
color change of Brunfelsia calycina flowers from purple to white with increased 
levels of 19 volatiles, and a further 17 primary and secondary metabolites 
(Bar-Akiva et al., 2010). Moreover, precursors of pigments, such as flavonols 
(quercetin and kaempferol), are known to accumulate not only in flowers but 
also in other organs, including leaves, stems and seeds (Pereira et al., 2009; 
Ferreres et al., 2008). Recent research on the modification of flower color has 
focused mostly on the genetic engineering of the flavonoid and carotenoid 
biosynthetic pathways. However, due to the complexity of pigment chemistry 
and metabolism in plants, the new colors generated in cultivars did not result in 
stable phenotypes (Tanaka et al., 2010). It is thus clear, that a more 
comprehensive insight into the metabolome of different plant parts is necessary 
to understand how pigment chemistry correlates with biosynthetic pathway in 
other plant parts.  
In this study, we used Catharanthus roseus with four different flower 
colors (orange, pink, purple and red) as a model plant because it has a quite 
broad range of metabolites e.g. terpenoids, indole alkaloids, flavonoids, and 
phenylpropanoids. Catharanthus roseus is grown as an ornamental plant for 
gardens and parks due to its rich variety of colors and a long-blooming season. 
Each cultivar of C. roseus can give a variety of flower colors. Chemical analysis 
of the flower pigments revealed that petunidin, malvidin and hirsutidin are all 
present in two different glycosidic forms and that the total and relative amounts 
of the pigments varies between the different colored flowers (Milo et al., 1985). 
Catharantus roseus plants produce a great diversity of valuable-bioactive 
terpenoid indole alkaloids (TIAs), phenolic compounds, such as flavonoid 
glucosides (Chung et al., 2009; Brun et al., 1999; Pereira et al., 2009; Ferreres 
et al., 2008) and anthocyanins (Filippini et al., 2003; Toki et al., 2008) via the 




shikimate pathway. After the intermediate chorismate, the pathways separate, 
and alkaloids follow the tryptophan route, whereas the flavonoids and 
anthocyanins follow the phenylpropanoid pathway (Mustafa and Verpoorte, 
2007). Both groups of secondary metabolites are stored in vacuoles. 
Interestingly, a higher yield of ajmalicine was found in roots of C. roseus plants 
with red-eyed flowers than those with pink and white flowers (Weissenberg, 
1988). However, no further studies were made of the correlation between flower 
color and metabolites profiles in C. roseus.  
In this context a comprehensive profiling method is required to investigate 
the metabolic networks related to plant flower color. Metabolomics 
undoubtedly is such a method, since it is a powerful tool that provides 
quantitative and qualitative information of a wide range of primary and 
secondary metabolites in plants, and may help to reveal the biochemical status 
of an organism. NMR-based metabolomics, in particular, has been widely used 
in metabolomic studies in diverse fields of plant physiology and classification 
(Choi et al., 2004; Kim et al., 2010a).  
In this study, NMR profiling techniques followed by multivariate data 
analysis were applied to investigate the metabolic difference of C. roseus with 
four flower colors to find marker metabolites in non-flower organs 
characteristic for each flower color. This metabolomics study was also 
implemented to obtain a comprehensive insight of the total metabolic network 
in C. roseus plants and the interrelationships between the occurrences of diverse 
metabolites in different organs of C. roseus. 
Methods and materials 
Plant materials 
Four different flower-colored Catharanthus roseus purchased from 
Intratuin Pijnacker (Postbus 1016, 1700BA, Heerhugowaard, The Netherlands), 
belonging to the Pacific series i.e. Pacifica XP Apricot (orange, 1), Pacifica 
cherry red (red, 2), Pacifica XP Blush (pink, 3), and Pacifica Orchid Halo 
(purple, 4) were used in this study (Supplementary Fig. 1). At least five 
biological replicates of each cultivar were collected in September 2009 during 
the blooming season of C. roseus. Flowers, leaves, stems, and roots of the 
plants were collected separately as independent samples. Two types of leaf 
samples were collected according to their position in the plants: young leaves in 
the upper 3 layers from the top and other leaves from the lower 3 layer from the 
bottom. Samples of fresh root, leaf, flower and stem were ground into powder 
with liquid nitrogen and freeze-dried in 2 days. 
 




Extraction and NMR measurements 
The methods of extraction and NMR analysis used in this study were those 
described previously (Kim et al., 2010b). A dried sample of 50 mg was 
transferred to a 2 ml-micro tube to which 1.5 ml of methanol-d4 (750 L) and 
D2O (750 L) (KH2PO4 buffer, pH 6.0), containing 0.01% (w/w) TMSP-d4 
(trimethylsilyl propionic acid sodium salt), were added. The mixture was 
vortexed for 1 minute, ultrasonicated for 30 minutes, and centrifuged for 20 
minutes at 13,000 rpm at room temperature. An aliquot of 800 L of the 
supernatant from the mixture was transferred to a new Eppendorf tube for a 
second centrifugation at 13,000 rpm for 5 minutes, after which 750 μl of the 
supernatant was transferred to a 5 mm-NMR tube and used for the 
1
H-NMR 
analysis. Both deuterated methanol and water were purchased from Cambridge 
Isotope (Andover, MA, USA). 
The 
1
H-NMR spectra were recorded using a Bruker DMX 600 
spectrometer (Bruker, Karlsruhe, Germany). For each sample, 128 scans were 
recorded with the following parameters: 0.167 Hz/point, pulse width (PW) = 4.0 
μs, acquisition time (AQ) = 3.17 s, demiscans (DS) = 4, and relaxation delay 
(RD) = 1.5 s. Free induction decays (FIDs) were Fourier transformed with line 
broadening (LB) = 0.3 Hz. Manual phase adjustment and baseline correction 
were applied prior to integration of target regions for quantitative analysis. The 
parameters for two-dimensional NMR spectra such as J-resolved, correlated 
spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), and 
heteronuclear multiple bond correlation (HMBC) were those described 
previously (Kim et al., 2010b). 
Data Analysis 
1
H-NMR spectra were automatically binned by AMIX software (v.3.7, 
Biospin, Bruker). Spectral intensities were scaled to total intensity and the 
region of δ 0.30 - δ 10.00 was reduced to integrated regions of 0.04 ppm each. 
The regions of δ 4.7 - δ 5.0 and δ 3.28 - δ 3.34 were excluded from the analysis 
because of the residual water and methanol signal, respectively. SIMCA-P
+
 
software (v.12.0, Umetrics, Umeå, Sweden) was used for principal component 
analysis (PCA) and partial least square (PLS) modeling with Pareto-scaled data 
of binned 
1
H-NMR. All experiments were conducted with five replicates. 
Statistical analysis was performed using one way analysis of variance (ANOVA) 
followed by Duncan’s Multiple Range (DMRT) test. The values are mean ± SD 
for three samples in each group. P values ≤ 0.05 were considered as significant. 
The ANOVA for all the data was performed by SPSS (version 14.0, Chicago, 
IL, USA). 




Results and Discussion 




H-NMR spectra of the organs of C. roseus such as root, stem, upper leaf, 
lower leaf, and flower show very different signals (Fig. 1). Even upper and 
lower leaves are found to have quite different metabolites both in the aliphatic 
and aromatic regions of the 
1
H-NMR. Catharanthus roseus plants with the 
flowers of the four colors, i.e. orange, red, pink and purple exhibited obvious 
differences in the proton spectra (Fig. 2).
 1
H-NMR has been widely used in 
metabolomics and related fields of plant science. Nevertheless, limitations in 
resolution and signal overlapping in 
1
H-NMR spectra require the combination 
of different NMR technologies, such as J-resolved, COSY, HSQC, or HMBC 
etc. Thus, the use of 2D NMR extends the capability of NMR for use in 
metabolomics. This allowed a number of primary and secondary metabolites to 
be identified based on information from the 
1
H-NMR, J-resolved, COSY and 
HSQC, and HMBC spectra and from previous publications (Table 1) (Choi et 
al., 2004; Yang et al., 2009; Kim et al., 2010a).  
Signals were assigned to metabolites with clear difference in the area of 
amino acids and aliphatic compounds (δ 0.5 - δ 3.1), the area of sugars (δ 3.5 - δ 
5.5), and the area of aromatic/phenolic compounds (δ 6.0 – δ 8.5) (Fig. 1 and 2). 
The signals of the main aromatic compounds in the flower and leaf extracts 
were assigned to quercetin-3-O-glucoside, chlorogenic acid, 4-O-caffeoylquinic 
acid, secologanin, and vindoline but they were not detected in the spectra of 
stem and root extracts. The 
1
H-NMR spectra of flowers showed more signals of 
phenolic compounds, especially those of flavonoids. The signals of H-2’ and 
H-6’ from two kaempferol analogues were observed at δ 8.04 (d, J = 7.9 Hz) 
and δ 8.08 (d, J = 7.9 Hz), respectively in the spectrum of the orange flowers, 
both of which were correlated with the signals at δ 7.00 (d, J = 7.9 Hz) of H-3’ 




H COSY spectrum. Another signal at δ 6.50 of H-8 (d, J = 
2.1 Hz) was correlated with one at δ 6.30 of H-6 (d, J = 2.1 Hz). In the NMR 
spectra of other organs, however, one of the kaempferol resonances at δ 8.04 
was found at very low intensity, almost undetectable. In the 
1
H-NMR spectrum 
of flowers, the quercetin signal at δ 7.65 of H-6’ correlated with a signal at δ 




H COSY spectrum. Three 
aromatic protons at δ 7.52 (dd), δ 7.26 (dd), and δ 6.83 (t) which were observed 
in the spectra of purple and pink flowers correspond to H-6, H-4, and H-5 of the 
aromatic ring of 2,3-dihydroxybenzoic acid (DHBA). The spectra of stems and 
roots show two additional signals at δ 7.08 and δ 5.30 that did not appear in 
flowers and leaves spectra. Based on reference compounds, these signals were 
assigned to the H-3 and H-1 of loganic acid (Choi, et al., 2004). The signals 
corresponding to vindolinine and catharanthine were detected in the spectra of 
all organs (Table 1). 








H-NMR spectra of extracts of different organs of red-colored Catharanthus 
roseus with the assigned metabolites: 1: root; 2: stem; 3 lower leaf; 4 upper leaf; 5 
flower. A: aliphatic amino acids in the range of  0.5 – 3.1. B: aromatic 
metabolites in the range of  6.0 – 8.5. 
 
In the aliphatic region, the high signal intensities facilitated the 
identification of amino acids and organic acids. This part of the spectra showed 
significant differences for the different plant parts. The signals of isoleucine at δ 
0.96, leucine at δ 0.97 and δ 0.99, valine at δ 1.01 and δ 1.06, threonine at δ 




1.34, glutamic acid at δ 2.39, asparagine at δ 2.82 and δ 2.96 were higher in the 
spectra of flowers and leaves than that of stems and roots. Some organic acids, 
such as quinic acid (δ 1.88 and δ 1.92), malic acid (δ 2.72) and ketoglutaric acid 
(δ 2.99), were also more intense in flower and leaf spectra. Stems exhibited a 
strong signal corresponding to citric acid at δ 2.52. Resonances of 





COSY spectra and the carbon at δ 72.5 in HSQC spectra. In the sugar part, 
flower spectra showed extremely strong signals of glucose at δ 5.19 and δ 4.58 
as compared to the spectra of other organs. Signal of sucrose at δ 5.41 were 





H-NMR spectra of extracts of flowers of Catharanthus roseus with four 
colors: 1: orange; 2: red; 3 pink; 4 purple. A: aliphatic amino acids in the range of  
0.5 – 3.1. B: aromatic metabolites in the range of  6.0 – 8.5. 






H-NMR chemical shift (d) and coupling constants (Hz) of identified 
metabolites based on 
1
H-NMR, J-resolved, COSY, HSQC, HMBC, and reference 
compounds.  
No Compounds Chemical shifts (δ) (ppm) 
1 Isoleucine 0.96 (t, J = 7.4), 1.03 (d, J = 6.8) 
2 Leucine 0.97 (d, J = 6.3), 0.99 (d, J = 6.3) 
3 Valine 1.01 (d, J = 7.0), 1.06 (d, J = 7.0), 2.28 (m) 
4 Threonine 1.34 (d, J = 6.6) 
5 Alanine 1.48 (d, J = 7.2) 
6 Arginine 1.70 (m), 1.90 (m) 
7 Glutamic acid 2.04 (m), 2.12 (m), 2.39 (m) 
8 Glutamine 2.15 (m), 2.48 (m) 
9 Aspartic acid 2.64 (dd), 3.83 (dd) 
10 Asparagine 2.82 (dd, J = 16.9, 8.2), 2.96 (dd, J = 16.9, 3.9) 
11 Serine 3.78 (dd, J = 6.2, 3.7), 3.92 (dd, J = 12, 6.2), 3.98 (dd, J = 12, 3.7) 
12 2,3-butanediol 1.15 (d, J = 6.4), 3.50 (m) 
13 EtOH 1.19 (t, J = 7.1) 
14 Quinic acid 1.88 (dd), 1.92 (m) 
15 Lactic acid 1.37 (d, J = 7.2) 
16 Acetic acid 1.94 (s) 
17 Malic acid 2.45 (dd, J = 15.6, 7.2), 2.72 (dd, J = 15.6, 3.9) 
18 Citric acid 2.44 (d, J = 15.6), 2.71 (d, J = 15.6) 
19 Ketoglutaric acid 2.99 (t, J = 7.5) 
20 Succinic acid 2.51 (s) 
21 Oxalacetic acid 3.65 (s) 
22 Fumaric acid 6.55 (s) 
23 Sucrose 5.41 (d, J = 3.8) 
24 α-glucose 5.19 (d, J = 3.7) 
25 β-glucose 4.58 (d, J = 7.9) 
26 Choline 3.21 (s) 
27 Chlorogenic acid 7.61 (d, J = 15.9), 7.14 (d, J = 2.1), 7.05 (dd, J = 8.4, 2.1) 6.36 (d, J = 15.9)  
28 2,3-DHBA 6.83 (t, J = 8.1), 7.26 (dd, J = 8.1, 1.5), 7.52 (dd, J = 8.1, 1.5) 
29 Quercetin analogues 7.88 (d, J = 2.1), 7.65 (dd, J = 8.5, 2.1), 6.99 (d, J = 9.3) 
30 Kaempferol analogues 6.30 (d, J = 2.1), 6.51 (d, J = 2.1), 7.00 (d, J = 9.3), 8.04 (d, J = 9.3) 




31 Kaempferol analogues 6.30 (d, J = 2.1), 6.51 (d, J = 2.1), 6.98 (d, J = 9.3), 8.08 (d, J = 9.3) 
32 Loganic acid 7.06 (d, J = 1.1), 5.30 (d, J = 3.2), 4.72 (d, J = 8.0), 1.07 (d, J = 6.9). 
33 Secologanin 7.46 (d, J = 0.9), 7.48 (d, J = 0.9), 7.56 (d, J = 1.5), 9.65 (q) 
34 Catharanthine 1.10 (t, J = 7.3), 7.36 (d, J = 8), 7.55 (d, J = 8) 
35 Vindoline 0.51 (t, J = 7.4), 2.00 (s), 2.66 (s), 5.93 (m), 6.22 (d, J = 2.3), 7.11 (d, J = 8) 
36 Vindolinine 





7.67 (d, J = 15.9), 7.17 (d, J = 2.1), 7.08 (dd, J = 8.3, 2.1), 2.1), 6.44 (d, J = 
15.9), 2.09 (m)  
Multivariate data analysis to find the chemo-marker compounds 
for different flower color 
The 
1
H-NMR data of all flower samples were subjected to different 
multivariate data analysis methods for the metabolic discrimination of different 
colored flowers and the investigation of the metabolites associated to these 
flower colors. Principal component analysis (PCA) is usually used first to 
analyze data in an unbiased and unsupervised way, providing an insight into the 
differences or similarities among the samples. The principal components (PC) 
can be presented graphically as a score plot. The corresponding loading plot 
shows the metabolites responsible for the separation on the score plot. To get 
more specific information on the common or discriminating metabolites in 
different groups of samples, a supervised multivariate analysis method such as 
partial least square discriminant analysis (PLS-DA) can be further applied to the 
separation. The PLS-DA model was validated by the permutation method 
through 20 applications. 
Based on 
1
H-NMR data, the PLS-DA score plot of flower samples showed 
all four cultivars of different flower-colored plants to be separated into three 
groups by PLS components 1 and 2: orange, red and pink/purple (Fig. 3A). 
From the PLS-DA loadings scatter plot of PLS component 1 and 2 (Fig. 3B), 
the intense signals of kaempferol analogues, 2,3-butanediol, leucine/isoleucine, 
and ethanol indicated high levels of these compounds in the orange flower 
group. Purple and pink flowers were characterized by the signals of quercetin (δ 
7.88), 2,3-DHBA, glucose, sucrose, and choline. In the case of red flowers, 
signals of chlorogenic acid, 4-O-caffeoyl quinic acid, malic acid, citric acid, 
fumaric acid, quinic acid, glutamine and vindoline were found to be higher than 
for other colors.  
 
 




Flower color is determined by a combination of pigments and co-pigments, 
which are all secondary metabolites, stored in cell vacuoles of floral tissues 
(Tanaka et al., 2010). The accumulation of secondary metabolites, such as 
flavonoids, carotenoids and betalains, is responsible for flower color 
development (Tanaka et al., 2010). Flavones and/or flavonols can form a weak 
complex with anthocyanidins (Seigler, 1995). The flavonols kaempferol and 
quercetin have been identified in C. roseus flowers (Forsyth and Simmonds, 
1957). The biosynthesis of these compounds is catalyzed by flavonol synthase 
(FLS) from the dihydroflavonols substrate, which can also be reduced to the 
precursors of anthocyanins through the action of dihydroflavonol 4-reductase 
(DFR) (Nishihara and Nakatsuka, 2010). Competition between FLS and DFR 




Fig. 3 PLS-DA results of flowers with four colors from C. roseus plants. 1: orange; 
2: red; 3 pink; 4 purple. A: score plot. B: loadings plot. Numbers in loadings plot 
are the same as those of Table 1 of metabolites.  
 
Our data showed a high level of kaempferol in orange flowers but a low 
level of quercetin, indicating that dihydroflavonols may be mainly converted 
into kaempferol as a co-pigment in the orange color flowers (Fig. 4). 
Conversely, quercetin was more abundant in purple, pink and red flowers. 
Different pigment/co-pigment compositions have proved to be responsible for 
the basic color differences between white, cream, pink, mauve and purple 
flowers (Markham and Ofman, 1993). Except quercetin, purple flowers featured 
a high level of 2,3-DHBA, which is the iron-binding component of enterobactin 







































































Red flowers exhibited higher intensity signals of organic acids than other 
colored flowers. It suggests that flower-colors vary because anthocyanins 
change their color according to the pH (Willstatter, 1915): in acidic media, the 
pigments are red, but turn blue in alkaline pH. Petal color changes in morning 
glory (Ipomoea tricolor cv. Heavenly Blue) from red to blue during the 
flower-opening period, is due to an unusual increase in vacuolar pH (pHv) from 
6.6 to 7.7 in colored epidermal cells (Yoshida et al., 2009).  
Multivariate data analysis to find the specific metabolites 
correlated with flower color in different organs  
In order to explore the correlation between expressed colors and metabolic 
profiles of other organs, 
1
H-NMR spectrum of young leaf, old leaf, stem, and 
root sample were also investigated by multivariate data analysis. The PLS-DA 
score plot showed that the separation of young (upper) leaf samples was 
consistent with that of flower samples. The young leaves of red and orange 
flowers were clearly separated while those of pink and purple flowers were still 
overlapping (Fig. 5A). Also, the samples of old (lower) leaves showed the 
similar pattern as young leaves and flowers in the PLS-DA score plot (Fig. 5B). 
In the case of stems, samples from all four flower-color plants were better 
separated than other organs (Fig. 5C). Root samples were analyzed by PLS-DA 
and classified into four groups as in the case of stem samples (Fig. 5D).  
From the loadings scatter plot, characteristic signals were found 
responsible for the separation and assigned to certain compounds (Fig. 6). 
Based on 
1
H-NMR spectra, the mean peak areas of the identified compounds 
were quantified relative to the signal of TMSP as internal standard. The 
compounds were thus relatively quantified in flowers, leaves, stems and roots of 
the different flower-colored C. roseus. These data were then subjected to 
ANOVA to confirm the participation of different metabolites in the 
discrimination of organs of the different flower-colored plants. Results obtained 
with a statistical significance (Alpha < 0.05) were in agreement with those 
obtained from multivariate data analysis. Table 2 shows that each organ has its 
own specific metabolic characteristics.  
Each of the flower color groups was dominated by a series of specific 
metabolites. Orange colored-flowers C. roseus plants exhibited a relatively high 
level of kaempferol in all organs except roots. Its stems, young and old leaves 
also showed a significantly higher level of secologanin and threonine as 
compared to the other three flower-colored plants. A relatively higher level of 
malic acid and fumaric acid occurred in the flowers and young leaves of 
red-colored C. roseus but no difference was observed for old leaves, stems and 
roots. The flowers, young leaves, old leaves and stems of orange and red 
flower-colored plants had significantly higher levels of several amino acids, 
such as leucine, isoleucine, threonine and asparagine if compared to purple and 




pink flower-colored plants. The latter are characterized by a significantly higher 
level of glucose, sucrose and 2,3-DHBA not only in their flowers but also in 
their young leaves, old leaves and stems. Quercetin content was significantly 
higher in the purple flowers of C. roseus, but showed no difference in leaves 
and stems of all flower color plants. Red and purple flower-color plants also 
exhibited a higher level of vindoline in their flowers and young leaves. Roots of 
purple and pink-colored flower plants had a higher content of loganic acid than 




Fig. 5 PLS-DA score plots of young leaf (upper leaf, A), old leaf (lower leaf, B), 
stem (C), root (D). 1: orange; 2: red; 3 pink; 4 purple. 
 






Fig. 6 PLS-DA loading plots of young leaf (upper leaf, A), old leaf (lower leaf, B), 
stem (C), root (D). 1: orange; 2: red; 3 pink; 4 purple. 
 
The metabolic correlation among the different organs of different 
flower-colored plants showed that, as suspected, grouping was not limited to the 
flowers themselves but also extended to their leaves, stems and roots. A young 
leaf is physically the closest organ to the flower. Kaempferol derivatives are the 
markers which are high not only in the flowers but also in the young leaves of 
orange flower-bearing C. roseus plants. Purple and pink-flowered plants were 
characterized by the presence of 2,3-DHBA and this was also found in their 
leaves and stems. Red-flowered plants accumulated more acidic metabolites in 
both flowers and young leaves. The stem, which connects all organs, had no 
clear markers related to flower colors. Though the root is furthest away from 
flowers in fact there is a difference in the metabolomes of roots of the different 
flower-colored plants. For example, roots showed a relatively higher level of 
loganic acid, which was particularly significant in purple and pink-flower plants. 
In leaves and stems a significantly higher level of secologanin was detected in 




orange-flowering plants but in the case of roots highest levels were detected in 
purple and pink-flowered plants. Secologanin, a monoterpenoid, derives from 
the plastidial MEP pathway and acts as a precursor of terpenoid indole alkaloids 
in C. roseus. The MEP pathway also leads to the biosynthesis of carotenoids, 
which are important compounds in orange and yellow color in flowers (Zhu et 
al., 2010). 
 
Table 2. Difference of marker metabolites among orange (1), red (2), pink (3), and 
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1
+: significantly high (Alpha<0.05 by ANOVA). 
 
Pigments and nectar are produced in flowers as signals to attract 
pollinating organisms as a strategy of increasing seed dispersion for survival 
(Miller et al., 2011). Our data showed that flowers contain a higher level of 
defense-related compounds, such as 2,3-DHBA and 2,3-butanediol as compared 
to other organs. According to previous studies, 2,3-DHBA is formed through 




the isochorismate pathway in C. roseus after elicitation (Budi Muljono et al., 
2002) and a recent report revealed that the accumulation of 2,3-DHBA depends 
on EDS1 (Enhanced Disease Susceptibility) in resistance responses and during 
the ageing of plants (Bartsch et al., 2010). This compound has been reported to 
cause induced systemic resistance (ISR) of plants, which might play a role in 
the triggering of the production of other metabolites (Ryu et al., 2004). As the 
location for plant communication with other organisms, flowers may contain 




Fig. 7 Scheme of the phenylalanine pathway, isochorismic pathway, indole pathway 
and iridoid pathway with their intermediates. The levels of intermediates were 
determined by the signals integration based on 
1
H-NMR spectra and tested by 
ANOVA as in table 2 (■ high level; ■ low level; ■ very low level; □ undetectable). 
Solid arrows represent one-step reactions; broken arrows represent multiple or 
uncharacterized reactions. 
 
This study also shows the distribution of metabolites in different pathways 
in four organs. Three pathway branches from the chorismic acid (isochorismic 
pathway, phenylalanine pathway and indole pathway) and iridoid pathway are 
clearly involved in the different metabolic patterns observed in the four types of 
plants studied. The plants also differed in their primary metabolism. The data 
from NMR showed that the metabolites related to the phenylalanine pathway 
(caffeoylquinic acid, flavonols and anthocyanins) and the isochorismic pathway 
(2,3-DHBA) were present in higher levels while the metabolites related to the 
terpenoid indole alkaloid (secologanin, vindoline and catharanthine) were 
present in lower amounts in flowers. The situation in leaves was opposite (Fig. 




7). This indicates that the phenylalanine and isochorismic pathways are 
competitive with the indole alkaloid pathway for various physiological 
functions of C. roseus plants. 
Conclusion  
This study provides the first comprehensive comparative analysis of the 
primary and secondary metabolite composition of flowers, leaves, stems and 
roots of the Pacific series of C. roseus with four flower colors (orange, red, 
purple and pink). The results revealed clear differences in the metabolome of all 
four organs of the different flower colored C. roseus. The four organs also 
showed specific metabolic profiles that correlate with their flower color, which 
might be used to predict the color the flower already in small plantlets long 
before flowering. NMR-based metabolomics could thus be a very useful tool for 
plant breeding, but first further studies wih other genotypes with different colors 
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Jasmonic acid (JA) analogues including methyl-jasmonate (MeJA) are 
plant-signaling molecules that play key roles in defense against insects and 
pathogens. Interestingly, in Catharanthus roseus jasmonates regulate the 
biosynthesis of pharmaceutically important terpenoid indole alkaloids (TIAs). 
Exogenous JA/MeJA application stimulates TIA metabolism in cell cultures, 
hairy roots and seedlings of C. roseus. In the present study, C. roseus plants 
were elicited with JA or MeJA before and during flowering to investigate the 
induction of TIA biosynthesis during different plant developmental stages. The 
results showed that there was no significant difference between JA and MeJA 
induction of TIA biosynthesis. The level of jasmonic acid was higher before 
flowering than during flowering in C. roseus control (non-treated) plants. In C. 
roseus plants, JA slightly stimulates the TIA accumulation before flowering but 
had less effect during flowering. TIA biosynthesis in different organs (flower, 






















Methyl jasmonate (MeJA) is a volatile compound formed from jasmonic 
acid (JA) which is catalyzed by S-adenosyl-L-methionine:jasmonic acid 
carboxyl methyltransferase (Seo et al., 2001). Jasmonates play a central role in 
inter- and intra-plant signaling and function as important cellular regulators 
mediating diverse developmental processes such as senescence, root growth, 
pollen production, wounding responses, and plant resistance to insects and 
pathogens (Turner et al., 2002; Balbi and Devoto, 2008). Induction of 
secondary metabolites production is an important defense response, which 
might be regulated by jasmonates as the regulatory signals (Gundlach et al., 
1992; Memelink et al., 2001).  
Jasmonates (JAs) have been also reported to regulate the biosynthesis of 
secondary metabolites, e.g. terpenoid indole alkaloids (TIAs) in Catharanthus 
roseus. More than 130 TIAs have been identified in this species, among which 
some are of pharmaceutically important metabolites such as vinblastine and 
vincristine, which have antitumor activity (van der Heijden et al., 2004). In C. 
roseus, JA/MeJA is first converted to the bioactive jasmonate JA-Ile and its 
perception by CrCOI1 results in the degradation of CrJAZ proteins which 
repress the activity of CrMYC2. CrMYC2 then activates the transcription of 
genes encoding the ERF transcription factors ORCA2 and ORCA3, which in 
turn activate the expression of TIA biosynthesis genes (Zhang et al., 2011).  
Elicitation strategies using exogenous JAs have been implemented in C. 
roseus cell cultures, hairy roots, and plantlets aiming at increasing TIA 
production. The presence of jasmonates results in transcriptional activation of 
tryptophan decarboxylase (TDC) and strictosidine glucosidase (SGD), 
enhancing some steps of the TIA biosynthetic network, however, some 
pathways like the one leading to vindoline are not induced in C. roseus cell 
cultures (Shukla et al., 2010). In C. roseus hairy roots, JA or MeJA treatment 
increases the transcripts level of TIA pathway genes (e.g. ORCAs, ASɑ, TDC, 
DXS, DXR, G10H, CPR, SLS, STR, SGD, ZCTs) and the concentrations of 
ajmalicine, catharanthine, serpentine, and tabersonine (Ruiz-May et al., 2008; 
Peebles et al., 2009; Zhou et al., 2010). Similarly, MeJA elicitation increased 
the accumulation of vindoline and catharanthine in C. roseus seedlings (Aerts et 




al., 1996; El-Sayed et al., 2004), but had little effect on the TIA accumulation 
when it was applied on the flowering C. roseus plants (Pan et al., 2010). 
Apparently besides the jasmonate signaling also the cellular differentiation and 
development stages of the plant are involved in the regulation of TIA 
biosynthesis. Therefore, it is essential to study the effect of jasmonates on the 
TIA accumulation through the developmental stages of C. roseus plants such as 
before and during flowering.  
In this study, the effect of JA or MeJA on the TIA accumulation in different 
organs (flower, leaf, stem and root) and endogenous JA content were 
investigated through the developmental stages of C. roseus plants by HPLC and 
GC-MS, aiming at better understanding the regulation of TIA biosynthesis. 
Materials and methods 
Plant materials and cultivation methods 
Seeds of C. roseus (cv. Pacific Cherry Red) were purchased from 
PanAmerican Seed Company (West Chicago, IL, U.S.A.). The seeds were 
surface sterilized in 75% (v/v) ethanol for 2 min and 5% (v/v) NaClO2 for 
another 5 min. Subsequently, seeds were washed 5 times with sterile distilled 
water and germinated on Petri dishes containing MS (Murashige and Skoog, 
1962) basal medium. Cultures were grown under 16 h light and 8 h dark 
photoperiod at 25 ± 2 °C. After germination for 2 weeks, seedlings were 
transplanted into soil and grown in the greenhouse at 25±3 °C.  
JA and MeJA treatments 
Jasmonates (JA and MeJA) were purchased from Sigma-Aldrich Chemie 
(Steinheim, Germany). The stock solutions were prepared by dissolving JA and 
MeJA in ethanol to achieve a concentration of 1 M and subsequently diluted by 
water to provide 0.1 mM of the working solutions. For the experiment, the C. 
roseus plantlets were divided into two groups. The plantlets which had 6 to 7 
layers of leaves at 45 days (before flowering) and 9 to 10 layers of leaves at 80 
days (during flowering) were sprayed with 0.1 mM JA or MeJA, respectively. 
The flowers, upper leaves (3 layers leaves from the top), lower layer leaves (3 




layers leaves from the bottom) and roots were collected in the following three 
days including those of the control plants (without JA/MeJA treatment). The 
mixed upper and lower leaves were used to analyse the difference between JA 
and MeJA treatments. The experiments were conducted in randomized block 
design (RBD) with three replicate samples for each time point of the time 
course.  
Statistical analysis was performing using ANOVA by SPSS (version 20.0, 
Chicago, IL, USA). Homogeneity of variance was tested. The values are mean 
± standard deviation for three samples in each group. Level of significance set 
at 0.05 (Alpha <0.05) was considered as significant. 
TIA analysis using HPLC-DAD 
Fresh samples were collected and ground in liquid nitrogen. Subsequently, 
the samples were lyophilized for 72 hours. The dried sample (30 mg) was 
extracted with 1 mL methanol and sonicated for 30 min in an Ultrasonic bath 
(DL-60D) (RADIOLINIJA UAB, Vilnius, Lithuania). Subsequently, the 
samples were centrifuged at 12,000 rpm for 10 min at room temperature and the 
supernatant was filtered through 0.45 μm PTFE membrane filter prior to HPLC 
analysis. 
The chromatography was carried out using a Zorbax Eclipse XDB-C18 
column (250 mm x 4.6 mm, 5µ) (Agilent Techologies, Santa Clara, CA, USA). 
The chromatographic system was an Agilent Technologies 1200 series 
consisting of a G1322A Vacuum Degasser，a G1310A Iso Pump, a G1329A 
AutoSampler，a G1316A Thermostated Column Compartment, and a G1315D 
Diode Array Detector.  
The chromatographic method was optimized from Tikhomiroff and 
Jolicoeur (2002) for the qualitative and quantitative analysis of 10 TIAs, and 5 
TIA precursors. The mobile phase consisted of a mixture of 5 mM Na2HPO4 
(pH adjusted to 6 with HCl) (solvent A) and methanol (solvent B) at a flow rate 
of 1.5 mL per min. The eluent profile (volume of solvent A / volume of solvent 
B) was: 0-2 min, linear gradient from 86:14 to 14:86; 26-30 min, isocratic 
elution with 14:86 (v/v); 30-35 min, linear gradient from 14:86 to 86:14; 35-37 
min, isocratic elution with 86:14(v/v). The sample injection volume was 30 µL. 
Peak identification was based on a comparison of the retention time and UV 




spectra of the standard compounds. Samples were applied in triplicate and 
quantified using the calibration curves of the standard compounds.  
The standard compounds for vindoline was bought from PhytoLab 
(Vestenbergsgreuth, Germany); vindolinine and ajmalicine were purchased from 
Sigma-Aldrich (St. Louis, MO, USA); serpentine was purchased from Roth 
(Karlsruhe, Germany); catharanthine and anhydrovinblastine were kind gifts 
from Pierre Fabre (Gaillac, France). 
JA analysis using GC-MS 
Fifty mg of freeze-dried sample was put into a glass tube. One hundred ng 
of dihydrojasmonic acid (DHJA) was added as the internal standard. The 
sample was mixed and vortexed with 1 mL of 2-propanol/water/36% of HCl 
(2:1:0.002 v/v/v) for 1 min. After sonicating for 30 min, 1 mL of methylene 
chloride was added and vortexed for another minute, and subsequently the 
sample was centrifuged at 3500 rpm for 15 min at 5 °C. The bottom methylene 
chloride/2-propanol layer was collected with a syringe into a new glass tube and 
derivatized with 2 µl of 2 M trimethylsilyldiazomethane in n-hexane at room 
temperature for 30 min. Subsequently 2 µl of 2 M acetic acid in hexane was 
added to stop the reaction. The derivatized sample was concentrated under 
nitrogen gas flow and the residue was redissolved in 300 µl of methylene 
chloride for GC-MS analysis. 
The chromatography system consisted of an Agilent 7890A gas 
chromatograph (GC) coupled to an Agilent 5975C mass-selective detector 
(Agilent Technologies). The detector was operated in electron impact (EI) 
ionization mode (electron energy 70 eV). The GC was fitted with a DB-5MS 
column (30 m x 0.25 mm x 0.25 µm) (J&W Scientific, Folsom, CA, USA). The 
flow rate of the gas carrier (helium) was 1 mL/min. GC conditions were 
isothermal for 2 min at 80 °C, increase from 80 °C to 200 °C at 10 °C /min, and 
subsequently increase to 300 °C at 20 °C /min for 15 min. Quantification of JA 
was based on the integrated area under the curve of JA by comparison with the 
internal standard. Each treatment was measured in triplicate.  




Results and discussion 
Comparison of TIA contents in upper leaves, lower leaves and 
roots of Catharanthus roseus before and during flowering 
The contents of vindolinine, ajmalicine, serpentine, vindoline, 
catharanthine and anhydrovinblastine in upper leaves, lower leaves and roots 
were compared and analyzed before and during the blooming period of C. 
roseus plants (Table 1).  
 
Table 1 TIA contents in upper leaf, lower leaf and root of Catharanthus roseus 
before and during flowering. *-: not detected 
  Upper leaf Lower leaf Root 
mg/g DW BF DF BF DF BF DF 
Vindolinine 0.81±0.01a 1.21±0.08b 0.56±0.01a 0.54±0.04a 4.83±0.44a 5.25±0.36a 
Ajmalicine 0.23±0.09a 0.01±0.001b - - 0.4±0.003a 0.15±0.02b 
Serpentine 0.15±0.01a 0.3±0.02b 0.2±0.01a 0.18±0.01a 0.13±0.02a 0.34±0.03b 
Vindoline 1.47±0.07a 0.81±0.08b 0.57±0.03a 0.38±0.04b - - 
Catharanthine 2.51±0.05a 1.19±0.19b 1.18±0.02a 0.88±0.14a 2.69±0.10a 1.38±0.12b 
Anhydrovinblastine 0.56±0.03a 1.07±0.01b 1.2±0.06a 1.63±0.19b - - 
a, b
:significant difference between BF and DF in one column (Alpha < 0.05 by 
ANOVA) 
BF: before flowering 
DF: during flowering 
DW: dry weight 
Results are the mean of 3 replicates ± standard deviation. 
 
Vindolinine in upper leaves showed a significantly higher level before 
flowering than during flowering, but in lower leaves and roots there was no 
difference in its accumulation between the two stages. In both upper leaves and 
roots ajmalicine contents were higher before flowering than during flowering. 
On the contrary, serpentine level was significantly lower in upper leaves and 
roots before flowering if compared to their levels during flowering. In both 
upper and lower leaves, vindoline and catharanthine accumulated at higher 




levels before flowering while anhydrovinblastine accumulated more during 
flowering. The decrease in levels of the two precursors (vindoline and 
catharanthine) for the dimeric alkaloids during flowering coincides with an 
increase of the dimer anhydrovinblastine. Similarly the increase of serpentine 
during flowering compensates for the decrease in the level of its precursor 
ajmalicine. 
Effect of JA elicitation on TIA biosynthesis in different organs of 
Catharanthus roseus before and during flowering 
Flowers, upper-and lower leaves, and roots of C. roseus were collected for 
the study on the effect of JA treatment on the accumulation of TIA before and 
during flowering.  
Figure 1 and 2 show that vindoline, one of the precursors for bisindole 
alkaloids, was present in the leaves and flowers, but it not in the roots. This is in 
accordance with the finding that vindoline biosynthesis requires chloroplasts 
only occurring in cells in the leaves of C. roseus (St-Pierre et al. 1999; Murata 
and De Luca 2005). The vindoline level in the upper leaves before flowering 
showed a small increase of 29% at 72 h over the controls (Fig. 1). A similar 
trend was observed in the experiment in which both JA and MeJA elicitation 
were compared (Fig. 6). During flowering, however, vindoline level in the 
upper layer leaves was not significantly changed after JA elicitation (Fig. 2). 
Regardless the developmental stages, the lower leaves contained a lower level 
of vindoline than the upper ones. No change in vindoline level was observed in 
the lower leaves after JA elicitation in both developmental stages.  
In contrast to vindoline, the other precursor of the bisindole alkaloids, 
catharanthine, was present in all organs (flowers, leaves and roots in Fig. 1, 2) 
and had the highest level before flowering. After JA treatment before flowering, 
compared to the controls, catharanthine levels showed a small increase of 27% 
in upper leaves at 72 h and a significant decrease of 54% in roots at 24 h while 
no significant change of its levels was observed in lower leaves (Fig. 1). In Fig. 
6 similar observations can be made for another experiment using either JA or 
MeJA as elicitor. Catharanthine accumulation in roots was much higher before 
flowering than during flowering. After JA treatment a transient reduction in its 




level was observed in plants before flowering, followed by a small increase if 
compared to control. During flowering, JA treatment caused no change of 
catharanthine level in upper and lower leaves (Fig. 2, 6).  
Catharanthine and vindoline are the precursors for the bisindole alkaloids. 
One of the bisindole alkaloids detected in this study was anhydrovinblastine. 
Anhydrovinblastine accumulates in flowers, leaves and roots with the growth of 
plants. During flowering, anhydrovinblastine content was two times higher in 
the upper leaves than before flowering. Before flowering, anhydrovinblastine 
was 2-fold higher in the lower leaves than the upper leaves (Fig. 1). This 
compensates the lower levels of its precursors, vindoline and catharanthine if 
compared to their levels in the upper leaves. After JA elicitation there seems a 
trend of a small increase of anhydrovinblastine in upper leaves before flowering 
whereas there is no effect during flowering. In the lower leaves in the blooming 
plant, after JA treatment the level of anhydrovinblastine decreased if compared 
with control (Fig. 2). The same trend is observed in Fig. 6. JA elicitation seems 
to slightly, though not statistically significantly, increase the level of 
anhydrovinblastine in flowers (Fig. 2).  
Ajmalicine is a mono-TIA, which particularly accumulates in the roots of 
C. roseus. The results show that the ajmalicine levels in the roots and upper 
leaves were higher before flowering than during flowering (Table 1, Fig. 1 and 
2). After JA elicitation, ajmalicine accumulation in upper leaves was increased 
64% at 72 h in plants before flowering and 26% at 48 h in plants during 
flowering. JA elicitation resulted in 24% and 77% increase of ajmalicine in 
roots at 72 h in plants before and during flowering, respectively. The lower 
leaves did not accumulate ajmalicine. Up to 0.042 mg/g DW ajmalicine was 
detected in the flowers after 48 h of JA elicitation, 90% higher than the controls.  





Fig. 1 The contents of vindolinine, ajmalicine, serpentine, vindoline, catharanthine 
and anhydrovinblastine in the upper leaves, lower leaves and roots of Catharanthus 
roseus under JA treatment before flowering. CK: the control plants; JA: plants 
treated with JA. DW: dry weight. *: significant difference (Alpha < 0.05 by 
ANOVA). Results are the mean of 3 replicates ± standard deviation. Empty panel 
means that the compound was not detected in the sample. 





Fig. 2 The contents of vindolinine, ajmalicine, serpentine, vindoline, catharanthine 
and anhydrovinblastine in the flowers, upper leaves, lower leaves and roots of 
Catharanthus roseus under JA treatment during flowering. CK: the control plants; 
JA: plants treated with JA. DW: dry weight. *: significant difference (Alpha < 0.05 
by ANOVA). Results are the mean of 3 replicates ± standard deviation. Empty panel 
means that the compound was not detected in the sample. 




Serpentine is formed from ajmalicine by oxidation catalyzed by 
peroxidases. Serpentine accumulated in leaves and roots but was not detected in 
flowers (Fig. 2). In the flowering plants the level of serpentine in upper leaves 
and roots is higher than in plants before flowering, this is connected with a 
similar decrease in ajmalicine level in the upper leaves and roots of the 
flowering plants. Before flowering, JA treatment had no significant effect on 
serpentine accumulation in upper and lower leaves but a significantly increased 
production was observed in roots (40%) 72 hrs after treatment (Fig. 1). Changes 
in the accumulation of alkaloids such as ajmalicine and serpentine were also 
observed in C. roseus hairy roots after elicitation with MeJA (Ruiz-May et al., 
2008; Goklany et al., 2009). 
Vindolinine was detected in all organs of C. roseus plants (Fig. 2). Before 
flowering, JA treatment showed no effect on vindolinine accumulation in leaves 
and a small reduction after 24 hrs in roots (Fig.1). During flowering, 
vindolinine production was not much affected either by the elicitation. Only the 
roots showed a trend of an small transient reduction at 24 hrs for the 
non-flowering plants and the flowering plants. 
The floral transition is a major metabolic change in a plant’s life. One of 
the functions of JA signaling in C. roseus is, among others, to regulate the 
alkaloid biosynthesis in a narrow time interval of the development of leaves and 
roots (El-Sayed and Verpoorte 2004; Aerts et al., 1994). MeJA hardly affects 
alkaloid contents when it was applied at later developmental stages of the 
seedlings (Aerts et al., 1996). MeJA treatment increased the contents of 
vindoline and catharanthine but failed to increase vinblastine accumulation in 
seedlings (Aerts et al., 1996). When applied to flowering plants, MeJA had little 
effect on the contents of vindoline, catharanthine and vinblastine (Pan et al., 
2010). Our present results are consistent with these previous studies. Although 
statistical analysis by ANOVA showed that in most cases of the individual 
experiments the results cannot be concluded to be significant, in a separate 
experiment similar small fluctuations in TIA contents were observed after JA 
and MeJA elicitation (compare results shown in Fig. 1 and Fig. 2 with Fig. 6). 
JA treatment stimulated the accumulation of vindoline and catharanthine in 
upper leaves, and serpentine and ajmalicine in roots before flowering, whereas 
during flowering JA induced the accumulation of catharanthine and ajmalicine 




mainly in roots and flowers. Similar to protease inhibitors accumulation that is 
limited to the early stages of plant development, wound- and jasmonate-induced 
whole plant nicotine accumulation in Nicotiana sylvestris decreased during the 
plant’s ontogeny (Van Dam et al., 2001). In the case of C. roseus, JA induction 
of TIA biosynthesis was limited to the early stages of plant development as JA 
treatment of the flowering plants did not significantly increase TIA levels in 
leaves and roots. 
The initiation of flowering is associated with changes in the relative 
defense requirements of different plant organs. Though the changes are 
relatively small, the results show that the response of TIA accumulation after JA 
induction does show some variation between different organs. Flowering 
slightly attenuated the JA effect on the accumulation of vindoline, catharanthine, 
ajmalicine, serpentine, and anhydrovinblastine in leaves and roots, but in 
flowers TIAs accumulated and responded to JA induction. These results indicate 
that TIA accumulation in flowers is more sensitive to JA elicitation than in 
leaves during flowering. As the reproductive tissues, flowers are more important 
than vegetative parts and plants seem to prioritize chemical protection to seed 
production over other functions (Diezel et al., 2011). In terms of industrial 
production, the alkaloid content in the flowers is quite low if compared to the 
other plants parts, and thus not of interest for large scale extraction. In roots, the 
accumulation of catharanthine, ajmalicine and serpentine increased under JA 
treatment. It has been reported that jasmonates can induce ajmalicine production 
in hairy roots (Ruiz-May et al., 2008). 
 Jasmonic acid levels in Catharanthus roseus leaves 
The level of JA in C. roseus leaves after JA treatment before and during 
flowering was determined by GC-MS. Identification of JA was based on mass 
spectral data and retention time. JA (224 m/z) appeared at 13.82 min (Fig. 3) 
whereas DHJA (226.14 m/z), which is used as the internal standard, appeared at 
13.88 min (Fig. 4). According to normalized areas under the curve of JA to the 
internal standard (DHJA), JA levels were quantified as relative amounts.  
The results show that JA was at a 6-fold higher level before flowering than 
during flowering in leaves without JA treatment (Fig. 5). Before flowering, 
jasmonates level showed a 2-fold increase after 48 h and returned to a basal 




level after 72 h of JA treatment. During flowering, jasmonates level increased 
4-fold at 48 h and returned to a low level at 72 h after JA treatment. JA level 
was always observed to be higher before flowering than during flowering after 
JA treatment. 
Flowering plants have an apparent control over herbivore-elicited 
phytohormones. Insect oral secretions (OS)-inducible JA bursts decline with the 
initiation of flowering in N. attenuata plants (Diezel et al., 2011). 
Wound-elicited JA showed a decrease in N. sylvestris during its ontogeny 
(Ohnmeiss and Baldwin, 2000). The lower JA level in flowering plants and the 
reduced response to jasmonates treatment in these plants leaves may result from 
metabolic limitations because flowering plants prioritize the allocation of 
resources to seed production over other functions that are not directly involved 
in fitness output. The lower level of jasmonates may cause an attenuation of the 




Fig. 3 Detection of jasmonic acid (JA) in Catharanthus roseus leaves by GC-MS. A: 
GC-ION extraction spectra of authentic JA; B: GC-ION extraction spectra of JA in 
samples; C: mass spectra of JA (In red was JA in samples and in blue was authentic 
JA).  





Fig. 4 Detection of internel standard DHJA in Catharanthus roseus leaves by 
GC-MS. A: GC-ION extraction spectra of authentic DHJA; B: GC-ION extraction 
spectra of authentic DHJA in samples; C: mass spectra of DHJA (In red was internal 
standard DHJA in samples and in blue was authentic DHJA).  
 
 
Comparison between JA- and MeJA-induction on TIA 
biosynthesis in Catharanthus roseus leaves 
In this set of experiments, the precursors of bisindole alkaloids, i.e. 
Fig. 5 Relative 
quantification of JA in 
Catharanthus roseus leaves 
under JA treatment before 
flowering (BF) and during 
flowering (DF). Results are 
the mean of 3 replicates ± 
standard deviation. 




vindoline and catharanthine were measured, as well as anhydrovinblastine, to 
investigate the total accumulation of those compounds in all the leaves (thus 
including both upper and lower leaves) of JA- or MeJA-elicited C. roseus plants 
before and during flowering. 
 
 
Fig. 6 Vindoline, catharanthine and anhydrovinblastine accumulation in 
Catharanthus roseus leaves under JA or MeJA treatment before and during 
flowering. MeJA: plants treated with MeJA; JA: plants treated with JA; CK: the 
control plants without MeJA or JA treatment. DW: dry weight. *: significant 
difference (Alpha < 0.05 by ANOVA). Results are the mean of 3 replicates ± 
standard deviation. 
 
Figure 6 shows that before flowering, the contents of vindoline, 
catharanthine and anhydrovinblastine increased 25%, 22% and 16% 
respectively after 72 h compared to the controls. Similarly MeJA treatment 




caused an increase of the accumulation of vindoline, catharanthine and 
anhydrovinblastine with 19%, 22% and 19%, respectively after 72 h if 
compared to the controls. Though statistical analysis showed that the increases 
were not significant, the trends observed were similar as in the experiments 
shown in figure 1 and 2. During flowering, both JA and MeJA treatment 
showed no differences on the accumulation of vindoline and catharanthine as 
compared to the non-treated leaves. However, it caused a significant decrease in 
anhydrovinblastine accumulation in the leaves of blooming plants. 
Anhydrovinblastine level had also significantly decreased 32% at 48 h after 
MeJA elicitation. The results indicate that JA or MeJA elicitation had a similar 
effect on TIA biosynthesis. Before flowering, both JA and MeJA, were able to 
modify the TIA accumulation while the effect declined during flowering. A 
previous study showed that most herbivore-resistant responses of JA-signaling 
in the wild-type N. attenuata plants, was when the plants were treated with 
exogenously applied MeJA. In N. attenuata plants, MeJA was first hydrolyzed 
to JA, which then induced a set of defense-related genes (Wu et al., 2008).  
Conclusions  
This study provides information on the TIA accumulation upon JA 
elicitation analyzed in different organs at different developmental stages. The 
bisindole precursors i.e. vindoline and catharanthine were accumulated in the 
leaves at higher levels before flowering than during flowering. The JA level of 
was much higher before flowering than during flowering. No differences were 
found between JA and MeJA treatments, which indicates that the response to 
these different forms of jasmonate was similar in the plants.  
In C. roseus plants, JA stimulates the TIA accumulation before flowering 
but had less effect during flowering. Though some of the trends observed are 
not statistically significant, the results are supported by similar trends in the first 
(Fig. 1 and 2) and the second set of experiments (Fig. 4). TIA biosynthesis in 
different organs (flower, leaf, and root) showed a different response to JA 
elicitation. The results may be of interest for optimizing commercial alkaloid 
production in the field, as young leaves before flowering have the highest level 
of the precursors for the synthesis of the dimers.  
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NMR-based metabolomics reveals pleiotropic 
effects of overexpression of ORCA3 and G10H in 
Catharanthus roseus plants on primary and 
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In order to improve the production of the anticancer dimeric indole 
alkaloids in Catharanthus roseus, various approaches have been reported: large 
scale culture of plant cells or hairy roots, as well as genetic engineering of the 
terpenoid indole alkaloid (TIA) biosynthesis. In this study, the 
octadecanoid-derivative responsive Catharanthus AP2-domain (ORCA3) gene 
alone or integrated with the geraniol 10-hydroxylase (G10H) encoding gene 
were introduced into C. roseus plants. Transgenic C. roseus plants 
overexpressing ORCA3 alone (OR lines), or co-overexpressing G10H and 
ORCA3 (GO lines) were obtained by Agrobacterium tumefaciens-mediated 
transformation. ORCA3 overexpression induced an increase of AS, TDC, STR 
and D4H transcripts but did not affect CrMYC2 and G10H transcription. G10H 
transcripts showed a significant increase under G10H and ORCA3 
co-overexpression. ORCA3 and G10H overexpression significantly increased 
the accumulation of strictosidine, vindoline, catharanthine and ajmalicine but 
had limited effects on anhydrovinblastine and vinblastine levels. 
1
H-NMR-based metabolomics confirmed the higher accumulation of 
monomeric indole alkaloids in OR and GO lines. Multivariate data analysis of 
1
H-NMR spectra showed a change of amino acids, organic acids, sugars and 
phenylpropanoids levels in both OR and GO lines compared to the controls. The 
results indicate that enhancement of TIA biosynthesis by ORCA3 and G10H 
overexpression might also affect other metabolic pathways in the metabolism of 























In the 1950s, the Canadian scientists Robert Noble and Charles Beer first 
isolated and characterized the alkaloid vinblastine from Catharanthus roseus 
leaves (Pearce and Miller, 2005). Currently, more than 130 terpenoid indole 
alkaloids (TIAs) have been found in different parts of C. roseus (van der 
Heijden et al., 2004). Of the TIAs, dimeric indole (bisindole) alkaloids 
vincristine and vinblastine are being used clinically as anticancer agents. 
Despite their importance, sourcing of the compounds is still a limiting factor. 
Catharanthus roseus is the only source of these TIAs and contain only very low 
amounts of these compounds. The high medical value and extremely low yields 
from C. roseus of vinblastine and vincristine (O’Keefe et al., 1997) have 
motivated extensive studies to elucidate TIA biosynthesis and its regulation. 
The biosynthesis of TIA begins with the coupling of a terpenoid (the 
iridoid glycoside secologanin) and an indole moiety (tryptamine). The terpenoid 
part starts from geraniol produced by the mevalonate-independent pathway 
(MEP). The indole part derives, via anthranilate, from chorismate which is a 
major branching point in the shikimate pathway. Chorismate is also the 
precursor of a wide range of phenolic compounds (Mustafa and Verpoorte, 
2007), among others, via prephenate. A series of genes encoding TIA 
biosynthetic enzymes (anthranilate synthase alpha subunit, ASA; 
1-deoxy-D-xylulose synthase, DXS; tryptophan decarboxylase, TDC; 
strictosidine synthase, STR; strictosidine beta-glucosidase, SGD; geraniol 
10-hydroxylase, G10H; desacetoxyvindoline 4-hydroxylase, DAT; apoplastic 
peroxidase, CrPrx; secologanin synthase, SLS) have been characterized, cloned 
and overexpressed alone or in combination in cell cultures and hairy roots of C. 
roseus in the past decades (Canel et al., 1998; Hughes et al., 2004; Jaggi et al., 
2011; Kumar et al., 2012; Magnotta et al., 2007; Moreno et al., 1995; Peebles et 
al., 2010; van der Heijden et al., 1989; Verpoorte et al., 1997; Zarate et al., 
2007; Zhao et al., 2007). Transformation with transcription factors (ORCA2 
and ORCA3) (Liu et al., 2011), transporters (ATP-binding cassette transporter, 
ABC) (Pomahacová et al., 2009) and heterologous genes (Bcl-2 Associated X 
protein, Bax) (Xu et al., 2007) were also performed in C. roseus cells and hairy 
roots. Genetic modification is a good approach to study the regulation of TIA 
biosynthesis and to improve the production of targeted TIAs in C. roseus, thus 
lower the production costs for these very expensive clinical medicines. 
However, TIA production in in-vitro cultures seems to be limited by the 
complexity of metabolic regulation, which involves intracellular 
compartmentation, different cell types and tissue differentiation in C. roseus. 
The MEP pathway which produces iridoids is localized in plastids of the 
internal phloem associated parenchyma (IPAP) of young developing aerial 
organs of C. roseus (Burlat et al., 2004). The products of the indole pathway 
and some of the monomeric indole (monoindole) alkaloids accumulate in the 
epidermis of C. roseus aerial organs (Mahroug et al., 2006; Murata and De Luca, 




2005; Murata et al., 2008). The bisindole alkaloids vinblastine and vincristine 
have been found to be produced and stored in vacuoles (Roytrakul and 
Verpoorte, 2007). The monoindole alkaloid vindoline is one of the precursors of 
the dimers. The last two biosynthetic steps of vindoline take place in specialized 
laticifers and idioblasts of the green parts (leaves, stems and flowers) of the 
plants (St-Pierre et al., 1999). The use of cell suspension cultures and hairy 
roots is successful for the production of some of the monomers (ajmalicine and 
serpentine) but not for the production of vindoline (Abbasi et al., 2007; Kutchan 
et al., 1995; Zhou et al., 2011). There is no report about any significant 
production of the bisindole alkaloids vinblastine and vincristine in cell cultures 
or hairy roots. Apparently different cell types in the leaf are needed for the 
biosynthesis of bisindole alkaloid precursors. Neither cell cultures nor hairy 
roots cover all the leaf cell types. Therefore gene-transformation into plants is a 
promising alternative to improve TIA production.  
ORCA3, as a jasmonate-inducible AP2/ERF-domain transcription factor, is 
a key regulator of several important genes in TIA biosynthesis, such as DXS, 
ASA, TDC, STR and D4H (Van der Fits and Memelink, 2000). ORCA3 alone or 
combined with other genes has been transferred into C. roseus cell cultures or 
hairy roots to understand the TIA biosynthesis regulation (Peebles et al., 2009; 
Van der Fits and Memelink, 2000; Wang et al., 2009; Zhou et al., 2010). 
However, promoter analysis of STR, TDC, G10H and DAT complicated the 
regulatory landscape of TIA synthesis (Pauw et al., 2004; Siberil et al., 2001; 
Suttipanta et al., 2007; Wang et al., 2010). Recently, a basic helix-loop-helix 
(BHLH) transcription factor CrMYC2 was reported as the major activator of 
JA-responsive ORCA gene expression (Zhang et al., 2011). The current work 
also discusses the transcriptional correlation between CrMYC2 and ORCA3 
genes under ORCA3 overexpression. 
The iridoid pathway is one of the precursor pathways for the TIA 
biosynthesis and usually regarded as the limiting step in cell and tissue cultures 
of C. roseus (Oudin et al., 2007; Whitmer et al., 2002). With the aim of 
improving the TIA production of pharmacological interest, several points 
remain to be elucidated in this highly complex pathway in C. roseus. The 
starting point of the iridoid pathway is the enzyme, G10H, a cytochrome P450 
monooxygenase that hydroxylates geraniol to form 10-hydroxy-geraniol. This 
step is not regulated by ORCA3 when tested in cell suspension cultures (Van 
der Fits and Memelink, 2000). Previous reports indicate that overexpression of 
G10H in the hairy roots improved production of several TIAs when combined 
with the addition of precursors, hormones or under certain forms of stress 
(Peebles et al., 2010; Wang et al., 2010). In the present work, G10H together 
with ORCA3 was co-overexpressed in C. roseus plants to investigate their 
effect on TIA biosynthesis without any exogenous treatment.  
NMR-based metabolomics is a powerful tool to uncover the metabolic 
status of complex plant matrices with a broad spectrum of both primary and 
secondary metabolites. 
1
H-NMR spectroscopy is a non-targeted method 




providing a comprehensive profile of a wide range of metabolites based on 
signals generated from all proton-containing chemicals. Mass spectroscopy 
(MS), LC-MS, GC-MS and NMR-based metabolomics have been employed in 
combination with multivariate data analysis to study plant physiology (Choi et 
al., 2004a; 2006), to classify plants ecotypes and genotypes (Charlton, 2005; 
Kim et al., 2010; Ward et al., 2003), and to map plant metabolic networks and 
to establish the correlations with the genome (functional genomics). Moreover, 
NMR-based metabolomics has been applied to distinguish transgenic plants 
from non-transgenic plants and inspect the potential effect of transgenic events 
on plant metabolism for bio-safety evaluation (Choi et al., 2004b; Hoekenga, 
2008; Noteborn et al., 2000; Ren et al., 2009). 
In the current work, we successfully inserted ORCA3 and G10H into C. 
roseus plants to improve TIA accumulation. The changes of gene transcripts and 
alkaloid concentrations were analyzed to better understand the regulation of 
monoindole and bisindole alkaloid biosynthesis from a systemic view. 
NMR-based metabolomics was performed on these transgenic plants to 
investigate the effect of ORCA3 and G10H overexpression on the whole 
metabolome of C. roseus plants.  
Materials and methods 
Construction of plasmid containing ORCA3 and G10H 
The 612 bp CDS of ORCA3 and 1479 bp CDS of G10H were cloned from 
C. roseus plant (Pacifica Cherry Red, Pan American Seed Co, IL, USA) by 
RT-PCR using RNA extracted from leaves of C. roseus seedlings with Plant 
Total RNA Isolation Kit (Watson Biotechnologies, Inc, Shanghai, China). In 
RT-PCR, ORCA3-F1 (5’-ACTAGTATGTCCGAAGAAATCAT-3’), ORCA3-R1 
(5’-GGTCACCTTAATATCGTCTCTTCT-3’), G10H-F1 
(5’-ACTAGTATGGATTACCTTACCAT-3’) and G10H-R1 
(5’-GGTCACCAAGGGTGCTTGGTACAGC-3’) were used as the forward and 
reverse primers. The parameters for the standard PCR were as follows: 94 °C, 2 
min; 35 cycles: 94 °C, 30 s; 54 °C, 30 s, 72 °C, 90 s; 72°C, 10 min. The two 
fragments were first ligated into plasmid pGEM-T easy for sequence 
confirmation, and then excised and cloned into a modified pMD18 EXP vector 
through SpeI and BstEII sites, respectively, which resembled the genes with a 
cauliflower mosaic virus 35S (CaMV 35S) promoter and Agrobacterium 
tumefaciens nos terminator. Finally, two expression cassettes (p35s-ORCA3-nos 
and p35s-G10H-nos) were inserted into the SalI and SmaI sites of the 
expression vector pCAMBIA2300 (p2300) to get the single gene-containing 
vector pOR (pCAMBIA2300::p35s-ORCA3-nos) and pG 
(pCAMBIA2300::p35s-G10H-nos). The expression cassette (p35s-ORCA3-nos) 
was inserted into pCAMBIA2300::p35s-G10H-nos to generate the double 




gene-containing vector pGO 
(pCAMBIA2300::p35s-G10H-nos::p35s-ORCA3-nos). The vector p2300 
contains a selection marker gene NPTII (neomycin phosphotransferase gene 
conferring resistance to kanamycin). The pCAMBIA2300::p35s-ORCA3-nos 
and pCAMBIA2300::p35s-G10H-nos::p35s-ORCA3-nos were then transferred 
into Agrobacterium tumefaciens strain EHA105 by a conventional 
freezing-and-melting method, and the resulting strains were used in the 
transformation of C. roseus. 
Transformation, regeneration and cultivation of Catharanthus 
roseus plants  
Seeds of C. roseus (Pacific Cherry Red cultivar) were purchased from 
PanAmerican Seed Company (U.S.A.). Seed surfaces were sterilized in 75 % 
(v/v) ethanol for 2 min and 5% (v/v) NaClO for another 5 min, and then washed 
five times with sterile distilled water. Seeds were germinated on Petri plates 
containing MS (Murashige and Skoog 1962) basal medium. Cultures were 
grown under a 16 h light and 8 h dark photoperiod at 25 ± 2 °C. When seedlings 
reached 1 - 1.5 cm in length (5-day old), the hypocotyls, about 5 mm, were 
excised from the germinated seedlings and used as the explants in A. 
tumefaciens-mediated transformation. The explants were immerged in liquid 
MS medium with 100 µM acetosyringone in a sterile glass tissue culture tube. 
The tube was sonicated for 10 min (40 Hz, 80 W) with an ultrasonicator 
DL-60D (Shanghaihengxin, Shanghai, China). After sonication explants were 
added to pre-sterilized flasks containing bacterial suspension and flasks were 
shaken gently at 25 rpm for 30 min at room temperature. Explants were then 
blot-dried with sterile paper towels and transferred onto Petri dishes containing 
1/2 MS medium with 100 µM acetosyringone. The co-cultivation period was 1 - 
3 days in the dark at 28 °C. 
The bacterial suspension was prepared from a single colony of A. 
tumefaciens strain EHA105 with 
pCAMBIA2300::p35s-G10H-nos::p35s-ORCA3-nos or 
pCAMBIA2300::p35s-ORCA3-nos, as well as pCAMBIA2300. Bacteria were 
incubated in liquid Luria Bertani (LB) medium containing 100 mg L
-1
 
kanamycin and 100 mg L
-1
 rifampicin (Sigma, St Louis, MO, U.S.A.) and 
grown at 28°C for 36 h with shaking (150 rpm). The initial culture was diluted 
1:1000 with liquid LB medium and grown on a shaker (250 rpm) until the 
OD600 reached 0.8. Then the cells were centrifuged (2,000×g, 10 min) and the 
supernatant was removed. Bacteria were resuspended in liquid MS medium 
containing100 µM acetosyringone and the OD600 was adjusted to 0.5. Finally, 
the bacteria were shaken (100 rpm) for another 2 h at room temperature. 
After co-cultivation, the explants were transferred to callus induction 
medium containing 1.0 mg L
-1
 2,4-Dichlorophenoxyacetic acid (2, 4-D), 1.0 mg 






 1-Naphthaleneacetic acid (NAA), 0.1 mg L
-1
 zeatin, 250 mg L
-1
 carbenicillin 
and 40 mg L
-1
 kanamycin for 10 days. Then the explants were transferred to the 
medium supplemented with 5.0 mg L
-1
 6-benzylaminoputine (BA), 0.5 mg L
-1
 
NAA, 250 mg L
-1
 carbenicillin and 70 mg L
-1
 kanamycin, which was effective 
on shoot initiation for 10 days. The resulting explants were transferred to shoot 
elongation medium supplemented with 1.75 mg L
-1 
BA, 0.55 mg L
-1
 
Indole-3-acetic acid (IAA), 250 mg L
-1
 carbenicillin and 90 mg L
-1
 kanamycin, 
and subcultured every week. After three weeks, the elongated shoots were 
separated and transferred to root initiation medium (1/2 MS) containing 500 mg 
L
-1 
carbenicillin and 90 mg L
-1
 kanamycin for one month. Rooted plantlets were 
placed into sterile pots in a mist chamber for one month before being transferred 
to the normal greenhouse. The culture conditions were performed as described 
above for the plant seedlings. All medium used in the study for C. roseus 
regeneration was based on Murashige and Skoog (MS) medium supplemented 
with 150 mg L
-1
 casein hydrolysate, 250 mg L
-1
 L-proline, 30 g L
-1
 sucrose, and 
3 g L
-1
 gelrite. The pH of the medium was adjusted to 5.8 before autoclaving at 
121 °C for 22 min. Wild type plants were transformed with EHA105 containing 
pCAMBIA2300 and regenerated as the controls. 
PCR analysis, Southern hybridization and Real time PCR 
Genomic DNA was isolated from the young leaves of regenerated plants 
using CTAB method (Murray and Thompson 1980). Regenerated plantlets were 
screened by PCR using the forward primer 35s-F1 
(5’-CGCACAATCCCACTATCCTT-3’), reverse primer ORCA3-R2 
(5’-GCCCTTATACCGGTTCCAAT-3’) and G10H-R2 
(5’-TGAATTCCTTGGCAGAATCC-3’) to detect the presence of target genes 
in the host. Positive plants were subjected to Southern blot analysis and real 
time PCR. 
The integration of the ORCA3 and G10H gene in the transgenic C. roseus 
was investigated by Southern hybridization. Approximately 80 µg of genomic 
DNA per sample was digested with HindIII and BglI, which were unique sites 
in the plasmid. The digested DNA was fractionated by 1.0%-agarose-gel 
electrophoresis, transferred on to a positively charged Hybond-N
+
 nylon 
membrane (GE Healthcare, USA) and hybridized with an 
alkaline-phosphatase-labeled partial DNA sequence of p35s as the probe. The 
probe (402 bp) was generated by PCR with primers 35s-F1 
(5’-CGCACAATCCCACTATCCTT-3’) and ORCA3-R2 
(5’-GCCCTTATACCGGTTCCAAT-3’). Hybridization and signal detection 
were performed using Amersham AlkPhos Direct Labeling Reagents (GE 
Healthcare, USA) and CDP-Star Detection Module following the 
manufacturer’s instructions. The hybridized signals were visualized by exposure 
to FujiX-ray film at room temperature (22 °C for 12 h). 




For real time PCR, total RNA was isolated from the leaves stored at -20 °C. 
DNA contamination was removed using DNase I following the protocol 
provided by the manufacturer (TaKaRa, Japan). The cDNAs were synthesized 
from the RNA samples using Prime Script
TM
 Reverse Transcriptase Reagent 
according to the manufacturer’s instructions, using oligo (dT) as the primer. The 
qRT-PCR analysis was performed in a Peltier Thermal Cycler PTC200 
(Bio-Rad), using the cDNAs as a template and gene-specific primers for 
analysis. The primers for these genes (ORCA3, ASA, DXS, STR, TDC, G10H, 
D4H, CrMYC2 and RSP9) are listed in Table S1 (from ExPlant Technologies 
B.V.). Ribosomal protein subunit 9 (Rsp9) was used as an internal control to 
evaluate all C. roseus plants. SYBR Green (SYBR Premix Ex Taq; TaKaRa) 
was used in the PCR reactions to quantify the amount of dsDNA. The relative 
Ct (threshold cycle value) method (User Bulletin 2, ABIPRISM700 Sequence 
Detection System, update 2001; PerkinElmer/Applied Biosystems) was used to 
estimate the initial amount of template present in the reactions.  
HPLC analysis 
Samples were prepared following the previously reported method (Pan et 
al., 2010). Thirty mg dried leaves were used for each sample. The 
chromatography was carried out using an Agilent Eclipse XDB-C18 column (5 
μm, 4.6×250 mm) (Phenomenex, Torrence, CA, USA). The chromatographic 
system was an Agilent Technologies 1200 series consisting of a G1322A 
Vacuum Degasser，a G1310A Iso Pump, a G1329A AutoSampler，a G1316A 
Thermostated Column Compartment and a G1315D Diode Array Detector.  
A chromatographic method was developed for the qualitative and 
quantitative analysis of a variety of TIA and precursors (Chapter 3). The mobile 
phase consisted of a mixture of 5 mM Na2HPO4 (pH adjusted to 6 with HCL) 
(solvent A) and methanol (solvent B) at a flow rate of 1.5 mL per min. The 
eluent profile (volume of solvent A / volume of solvent B) was: 0-26 min, linear 
gradient from 86:14 to 14:86; 26-30 min, isocratic elution with 14:86 (v/v); 
30-35 min, linear gradient from 14:86 to 86:14; 35-37 min, isocratic elution 
with 86:14(v/v). The injected volume was 30 µL. Detection was with UV at 210 
-400 nm. 
A mixture of reference standards of TIA and precursors (strictosidine and 
secologanin were from Phytoconsult, Leiden, The Netherlands; loganic acid, 
loganin, tabersonine, and vindoline were bought from PhytoLab, 
Vestenbergsgreuth, Germany; tryptamine was purchased from Aldrich Chemical, 
Milwaukee, WIS, USA; tryptophan and ajmalicine were purchased from 
Sigma-Aldrich, St. Louis, MO, USA; serpentine was purchased from Roth, 
Karlsruhe, Germany; catharanthine, anhydrovinblastine, vinblastine, and 
vincristine were kind gifts from Pierre Fabre, Gaillac, France) were detected 
and identified based on UV spectra obtained with LC-DAD (Hisiger and 
Jolicoeur, 2007). Samples were applied in triplicate for quantification using 




calibration curves of the standards. 
NMR analysis 
After the GO and control plants were transplanted into the field for 6 
months, their fresh leaves were harvested and grinded into powder with liquid 
N2, and then freeze-dried for two days. 50 mg of dried leaves was transferred to 
a 2 mL eppendorf tube to which 1.5 mL of CD3OD (750 µL) and D2O (750 µL) 
(KH2PO4 buffer, pH 6.0), containing 0.01% TSP, were added. The mixture was 
vortexed for 1 min, ultrasonicated for 30 min, and centrifuged for 20 min at 
13,000 rpm at room temperature. Then 800 µL of the supernatant from the 
mixture was transferred to a new eppendorf tube for a second centrifugation at 
13,000 rpm for 5 minutes. 700 μL of the supernatant was transferred to a 5 mm 
NMR tube and used for the 
1
H-NMR analysis. Both CD3OD and D2O were 
purchased from Cambridge Isotope Laboratories, Inc., Andover, MA, USA. 
All spectra were recorded at 25
0 
on a 500 MHz Bruker DMX-600 
spectrometer (Bruker, Karlsruhe, Germany) operating at a proton NMR 
frequency of 500 MHz. For each sample, 128 scans were recorded with the 
following parameters: 0.126 Hz/point, pulse width (PW) = 30° (4.0 μs), and 
relaxation delay (RD) = 1.5 s. Free induction decays (FIDs) were Fourier 
transformed with line broadening factor= 0.3 Hz. The resulting spectra were 
manually phased and baseline corrected, and calibrated to TMSP at 0.0 ppm, 
using Topspin (version 2.1, Bruker). 
The 
1
H-NMR spectra from direct extraction were automatically reduced to 
ASCII files by AMIX (version 3.7, Bruker). Spectral intensities were scaled to 
an internal standard and reduced to integrated regions of equal width (0.04) 
corresponding to the region of δ 0.0-10.0. The regions of δ 4.64-4.96 and δ 3.32 
were excluded from the analysis because of the residual signal of D2O and 
CD3OD, respectively. Principal component analysis (PCA) and partial least 
squares discriminant analysis (PLS-DA) were performed with the SIMCA-P 
software (version 11.0, Umetrics, Umeå, Sweden). For scaling, the Pareto and 
unit variance methods were used for PCA and PLS-DA, respectively. 
Data statistical analysis 
All experiments were conducted with three replicates. Statistical analysis 
was performed using one way analysis of variance (ANOVA) followed by 
Duncan’s Multiple Range (DMRT) test. The values are mean±SD for three 
samples in each group. Level of significance set as 0.05 (Alpha<0.05) was 
considered as significant. The ANOVA for all the data was performed by SPSS 
(version 20.0, Chicago, IL, USA). 




Results and discussion 
Generation of G10H and ORCA3 overexpressing transgenic 
Catharanthus roseus plants 
The constructs of ORCA3 gene alone or integrated with G10H gene were 
introduced into C. roseus plants by A. tumefaciens-mediated transformation (Fig. 
S1). The hypocotyls from C. roseus seedlings were cut and incubated with A. 
tumefaciens for gene insertion. Callus was induced and selected by kanamycin. 
Shoots were regenerated from the surviving callus and selected by kanamycin 
continuously. After three rounds of kanamycin (90 mg L
-1
) selection, a total of 
16 independent plantlets transformed with the construct of ORCA3 (OR) and 39 
independent plantlets transformed with the construct of G10H and ORCA3 (GO) 
survived. Three OR lines and five GO lines which showed a fast root growth in 
root initiation medium containing 90 mg L
-1
 kanamycin were chosen to 
transplant into the field for next analysis. Their transgenic status was confirmed 
by molecular analysis (PCR and Southern-blot) (Fig. 1 and Fig. S2). Fifteen 
control plants were grown side by side. All the plants were slowly growing in 
the growth chamber but grew well after transferring into the field (Fig. S3A - 
S3D). The growth of transgenic plants was similar as the controls (Fig. S3E and 
S3F). 
 
Fig. 1 Representative PCR and 
Southern-blot analyses of 
independent transgenic 
Catharanthus roseus plants. A: 
PCR analysis for the presence of 
ORCA3 in OR and GO plants; +: 
Positive control (pGO plasmid); 
W: wild type plant (negative 
control). B: PCR analysis for the 
presence of G10H in OR and GO 
plants; +: Positive control; W: 
wild type plants (negative 
control). C: Southern-blot 
analysis of transgenic C. roseus 
plants; +: Positive control (GO 
plasmid digested by SalI); WT: 
wild type plants. The fragment 
of p35s-ORCA3 was used as the 
probe. 
 




Transcription level analysis 
To investigate the expression of the introduced genes and their effect on 
the transcript profile of alkaloid biosynthesis, besides ORCA3 and G10H, AS, 
TDC (indole pathway), DXS (MEP pathway), STR (TIA pathway), D4H 
(vindoline biosynthetic pathway) and CrMYC2 (JA signaling pathway) genes 
were also analyzed by real time PCR.  
ORCA3 transcripts showed a significant increase in all OR lines and four 
GO lines compared with the controls (Fig. 2). Three GO lines (GO68, GO84 
and GO98) with highly enhanced ORCA3 transcripts also showed a significant 
increase of G10H transcripts. These results confirmed that G10H and ORCA3 
were overexpressed in C. roseus plants. The variance of G10H and ORCA3 
overexpression levels in different transgenic lines may result from different 
gene copy number and position effects which are common in 
Agrobacterium-transformed plants (Rothstein et al., 1987; Van der Krol et al., 
1988). The transcripts of G10H and ORCA3 are correlated to each other 
because they are in the same T-DNA insertion. ANOVA analysis showed that 
GO lines had a significantly higher G10H transcripts while OR lines had no 
significant difference in G10H transcripts compared to the controls. This may 
indicate that ORCA3 overexpression didn’t induce G10H expression in OR 
lines. 
The key indole genes AS and TDC transcripts were induced and paralleled 
ORCA3 expression level in OR and GO lines (Fig. 2). STR and D4H transcripts 
also responsed to ORCA3 overexpression, but in the GO lines this correlation 
with ORCA3 increase is less. DXS transcript levels seem not to be affected by 
ORCA3 overexpression in both OR and GO lines. The results imply that 
ORCA3 has an up-regulation effect on the genes in the indole and TIA 
pathways in C. roseus plants. The expression levels of CrMYC2 showed no 
significant difference among OR, GO and control lines.  
As a key transcription factor in the JA-induced TIA pathway, ORCA3 
overexpression resulted in the up-regulation of several alkaloid-related 
biosynthetic genes (such as DXS, AS, TDC, STR and D4H) in C. roseus cell 
cultures (Van der Fits and Memelink, 2000). In this study, ORCA3 gene was 
overexpressed in C. roseus plants and activated the expression of AS, TDC, 
STR and D4H but not DXS. When ORCA3 alone or integrated with G10H was 
overexpressed in C. roseus hairy roots, only STR and SLS expression were 
enhanced while there were no changes in either TDC or CPR transcripts and a 
decrease in SGD transcripts (Peebles et al., 2009; Wang et al., 2009). 
Accumulation of G10H transcripts was not enhanced in the OR lines, 
suggesting that ORCA3 overexpression didn’t regulate G10H expression in C. 
roseus plants. These results comfirm the up-regulating role of ORCA3 in the 
TIA pathway in C. roseus plants as well as in its cell cultures. The CrMYC2 
gene is an immediate-early jasmonate-responsive gene which encodes the basic 
helix-loop-helix (bHLH) transcription factor CrMYC2 to regulate ORCA gene 




expression (Zhang et al., 2011). CrMYC2 binds to the qualitative sequence in 
the ORCA3 jasmonate-responsive element (JRE) in a transcriptional cascade to 
activate the biosynthesis genes expression. Our research suggests that ORCA3 




Fig. 2 ORCA3, G10H, TDC, STR, AS, DXS, D4H and CrMYC2 transcripts in OR 
and GO plants. Error bars represent the standard deviation of triplicate runs for Real 
Time PCR. *: significant difference (Alpha<0.05 by ANOVA).  




Effect on the terpenoid indole alkaloid pathway in Catharanthus 
roseus plants 
Investigation by HPLC was carried out to study the effect of ORCA3 and 
G10H overexpression on the accumulation of monoindole alkaloids (vindoline, 
catharanthine and ajmalicine) and bisindole alkaloids (anhydrovinblastine and 
vinblastine) in C. roseus leaves (Fig. S4).  
All OR and GO lines showed higher levels of the monoindole alkaloids 
vindoline, catharanthine and ajmalicine than the control. The vindoline 
accumulation ranged from 0.78 -2.83 mg.g
-1
 DW in OR lines and from 1.25 - 
3.00 mg.g
-1
 DW in GO lines when the average in control lines was 0.70 mg.g
-1
 
DW. The catharanthine accumulation was variable with the range of 3.65 - 
5.79 mg. g
-1
 DW in OR lines and 3.78 - 5.36 mg.g
-1
 DW in GO lines when the 
average in control lines was 1.99 mg.g
-1
 DW. Ajmalicine accumulated in the 
range of 0.07 - 0.10 mg.g
-1
 DW in OR lines and 0.14 - 0.49 mg.g
-1
 DW in GO 
lines, while the average in control lines was 0.05 mg.g
-1
 DW. However, only 
two OR lines and two GO lines showed an increase of bisindole alkaloids 
anhydrovinblastine and vinblastine. The change of vinblastine accumulation 
was inconsistent with that of anhydrovinblastine accumulation. Line OR43 
had the highest level of anhydrovinblastine and vinblastine, at 10.25 mg.g
-1
 
DW (1.08-fold up) and at 0.27 mg.g
-1
 DW (10.19-fold up) compared with the 
controls, respectively. The results show that ORCA3 and G10H 
overexpression had a stronger influence on the biosynthesis of monoindole 
alkaloids than that of bisindole alkaloids. The accumulation of vinblastine was 
more predictable on the basis of the level of anhydrovinblastine than that of 
their precursors vindoline and catharanthine. 
In order to analyse the functional effect between overexpression of 
ORCA3 and ORCA3 with G10H co-overexpression on the TIA parthway, an 
one-way analysis of variance (ANOVA) was conducted to detect the 
difference of average levels of monoindole and bisindole alkaloids among OR, 
GO and control lines (Fig. 3). There was no significant difference of vindoline 
and catharanthine contents between OR and GO lines, and both were 
significantly higher compared to the controls. GO lines showed a significant 
higher level of ajmalicine than OR and control lines. The contents of bisindole 
alkaloids anhydrovinblastine and vinblastine were similar in the OR, GO and 
control lines. These results indicate that overexpression of ORCA3 combined 
with a constitute gene G10H had a greater influence on the biosynthesis of 
monoindole alkaloids than overexpression of ORCA3 alone, especially on 
ajmalicine accumulation.  
 






Fig. 3 The average levels of several important TIAs in OR, GO and control lines. 
The value of CK is the average of 15 control plants. Different letters indicate 
significant difference (Alpha<0.05 by ANOVA). The value of OR is the average of 
pooled samples from 3 OR lines; the value of GO is the average of pooled samples 
from 5 GO lines. 
 
ORCA3 overexpression induced increased levels of several key genes 
transcripts in the TIA pathway, and consequently, enhanced the production of 
TIAs. Overexpressing ORCA3 alone or co-overexpressing ORCA3 and G10H 
in C. roseus plants did not affect the accumulation of bisindole alkaloids 
anhydrovinblastine and vinblastine. The bisindole alkaloids are produced and 
stored in vacuoles of specific cells. Their monomeric precursors catharanthine 
and vindoline are made in other cells and cellular compartments (Roytrakul and 




Verpoorte, 2007). When the increase of key gene transcripts resulted in 
enhanced productivity of some monomeric terpenoid indole alkaloids, the flux 
to the precursors of the bisindole alkaloids vindoline and catharanthine might be 
limited by channeling of their precursors into other pathways, 
compartmentation and intercellular transport. (EI-Sayed and Verpoorte, 2007). 
The results in this study reveal that the accumulation of anhydrovinblastine was 
high and not affected by ORCA3 and G10H overexpression. Despite the 
presence of anhydrovinblastine, the production of vinblastine and vincristine 
was low. This indicates that in C. roseus the major bisindole alkaloid stored in 
vacuoles is anhydrovinblastine and there might be other factors involved in 
regulating the biosynthesis of vinblastine and vincristine.  
In previous studies, overexpression of G10H and ORCA3 in C. roseus 
hairy roots improved catharanthine production but had no effect on other 
alkaloids (Wang et al., 2010). When ORCA3 alone was overexpressed in the 
hairy roots, a decrease in several TIA (included catharanthine) was observed 
(Zhou et al., 2010; Peebles et al., 2010). Although an ORCA3-transformation of 
a C. roseus cell line can improve the accumulation of total alkaloids, deficiency 
to biosynthesize vindoline causes the failure to synthesize bisindole alkaloids in 
cultured cells (Zhao and Verpoorte, 2007). Apparently the biosynthesis of TIAs 
requires a high level of tissue differentiation, multicellular organization, and 
compartmentation. Compared to cell and hairy root systems, a whole plant is a 
complete intact biological system with a high level of differentiation which 
contains all cell types and compartments required for the TIA biosynthesis. 
Effect of G10H and ORCA3 overexpression on Catharanthus 
roseus plant metabolism 
Both OR and GO lines were used and studied by NMR-based 
metabolomics for the potential influence of G10H and ORCA3 overexpression 
on C. roseus plant metabolism. Around 40 primary and secondary metabolites 
were identified using a combination of 2D-NMR (J-resolved and COSY) and 
referred to the previous literature NMR profiling data (Choi et al., 2004a; Kim 
et al., 2010; Yang et al., 2009) and the in-house database with more than 700 
common metabolites (Table 1 in Chapter 4). In 
1
H-NMR spectrum of both GO 
and control lines, signals in the aliphatic area (δ 0.4 to δ 3.3) were assigned to a 
series of amino acids and organic acids, such as threonine, alanine, arginine, 
glutamic acid, glutamine, malic acid, citric acid and succinic acid. Another 
organic acid fumaric acid showed its signal at δ 6.56. Glucose and sucrose are 
two major sugars found in the NMR spectra (δ 3.3 to δ 5.5) of C. roseus plants. 
In the aromatic area (δ 6.0 to δ 9.0), phenolic compounds (2,3-DHBA, 
phenylpropanoids and flavonoids), terpenoids (secologanin) and TIAs 
(strictosidine, vindoline, catharanthine and serpentine) were identified. 
Secologanin shows a signal at δ 9.68 and vindoline has a characteristic signal at 




δ 0.52. There are two types of caffeoyl quinic acids detected and identified in C. 
roseus leaves: chlorogenic acid (5-O-Caffeoyl quinic acid) and 4-O-Caffeoyl 
quinic acid. Their signals of H-2’, H-5’, H-6’, H-7’ and H-8’ always appear side 
by side and differ around 0.05 ppm from each other (Choi et al., 2004a). In the 
1
H-NMR spectra of OR and GO lines no new signals were observed if 
compared with the controls, but signals of some metabolites showed 






H-NMR investigation and multivariate data analysis of GO and control lines. 
A: 
1
H-NMR spectra of GO (in green) and control (in red) lines. B: Score plot of 
PLS-DA of GO (Δ) and control (■) lines. C: Loading plot of PLS-DA. The numbers 
represent metabolites following table 1.  
 
Principal component analysis (PCA), an unsupervised clustering method, 
and supervised partial least squares-discriminate analysis (PLS-DA) were 
conducted to analyze the 
1
H-NMR data sets of all samples. PCA score plot 
identified the difference between the sample sets and showed a partial 
separation of GO and control lines on PC1 and PC6 (Fig. S5A). The PLS-DA 




score plot displayed a clearer metabolic discrimination between GO and control 
lines on PLS1 and PLS2, and determined the variables (i.e., metabolite signals) 
responsible for the separation (Fig. 4B). The PLS-DA model was validated by 
the permutation method through 20 applications (Fig. S5B). GO lines were 
located at the positive sides of PLS1 and PLS2. The control plants were 
scattered in the rest of the score plot and showed clear differences between 
individual plants. Based on the PLS-DA loading plot (Fig. 4C), signals of 
alanine, glutamic acid, arginine, glucose, sucrose, 2,3-butanediol, 
quercetin-3-O-glucoside, strictosidine, vindoline and catharanthine were present 
at higher levels in GO plants, while the controls showed higher levels of 
threonine, secologanin, 2,3-DHBA, chlorogenic acid, 4-O-Caffeoyl quinic acid, 




Fig. 5 Multivariate data analysis of OR and control lines based on 
1
H-NMR spectra. 
A: PCA score plot of OR lines (red square) and control lines (black square); B: PCA 
column plot of PC1. Vind: vindoline; 4-CQ: 4-O-Caffeoyl quinic acid. 




In the PCA score plot, OR and control lines were mainly separated by PC1 
(Fig. 5A). OR lines were all at the positive side of PC1 and showed some 
individual differences within the group. The controls were mostly located at the 
negative side of PC1. Analyzed by the column loading plot of PC1, signals of 
amino acids, sucrose, TIAs, 2,3-DHBA and 4-O-Caffeoyl quinic acid showed 
higher contents while signals of organic acids, glucose, flavonoids and 
secologanin showed lower contents in the OR lines than in the controls (Fig. 
5B). 
According to the loadings plot, the metabolites responsible for the 
separation were selected to perform ANOVA to confirm their contribution to 
metabolic discrimination between overexpression lines and control plants 
(Table 1). The contents of alanine, strictosidine, vindoline and catharanthine 
were significantly higher in both OR and GO lines than in the controls. OR 
lines also contained significantly higher levels of threonine, arginine, glutamic 
acid, sucrose, 2,3-DHBA and 4-O-Caffeoyl quinic acid while GO lines had 
significant higher levels of 2,3-butanediol, glucose and quercetin-3-O-glucoside 
compared with control lines. Besides, OR lines showed significant lower levels 
of malic acid and secologanin while GO lines showed only slightly lower levels 
of these two compounds. 
When ORCA3 and G10H were introduced into C. roseus plants, 
overexpression had an influence not only on accumulation of catharanthine and 
ajamalicine but also of vindoline. Surprisingly, as revealed by NMR-based 
metabolomics, secologanin did not significantly accumulate in GO lines. In fact, 
its level in GO plants was lower than in the controls. G10H is an 
endoplasmic-reticulum (ER)-anchored enzyme starting the secoiridoid pathway 
by catalyzing the hydroxylation of geraniol to 10-hydroxygeraniol (Collu et al., 
2001; Guirimand et al., 2009). It takes at least 7 steps to biosynthesize 
secologanin from 10-hydroxygeraniol (EI-Sayed and Verpoorte, 2007), which 
might limit the effect of G10H overexpression on secologanin accumulation. In 
OR lines, the significant decrease of secologanin might result from the 
enhancement of TIA biosynthesis. 
A comparison of the metabolome in OR, GO and control lines indicated 
that both primary and secondary metabolism were modulated by G10H and 
ORCA3 overexpression (Fig. 6). Bialaphos resistant (BAR) gene 
overexpressing Arabidopsis plants also showed higher levels of alanine and 
threonine (Ren et al., 2009). Transgenic tomato, overexpressing two 
transcription factor genes leaf color (LC) and colorless-1 (C1), accumulates 
more glutamate and less sugar than non-transgenic ones (Mattoo et al., 2006). 
Apparently changes in levels of amino acids and sugars might be associated 
with gene overexpression. As a transcriptional factor, ORCA3 regulates not 
only secondary but also primary metabolite biosynthetic genes involved in TIA 
biosynthesis (Van der Fits and Memelink, 2000). Increased levels of a series of 
amino acids and decreased levels of organic acids in OR lines, as well as more 
accumulation of glucose, alanine, 2,3-butanediol in GO lines, indicate that 




primary metabolic fluxes might be affected by ORCA3 overexpression in C. 
roseus plants. Compared with GO lines, more changes of metabolite levels in 
OR lines imply that overexpression of a regulatory gene might have a greater 
influence on plant metabolism than that of a structural gene. 
 
Table 1 ANOVA results for selected signals from OR, GO transgenic and wild type 
plants. 












1 Threonine 4.69  0.000  1.21  0.352  
2 Alanine 4.19  0.002  2.00  0.004  
3 Arginine 4.80  0.001  1.23  0.210  
4 Glutamic acid 2.49  0.012  1.19  0.259  
5 2,3-butanediol 1.10  0.534  1.48  0.001  
6 Glutamine - - - - 
7 Ethanol 1.09  0.797  1.11  0.683  
8 Succinic acid - - - - 
9 malic acid 0.31  0.005  0.88  0.568  
10 Quinic acid - - - - 
11 Lactic acid - - - - 
12 Glucose 0.40  0.055  1.83  0.017  
13 Sucrose 2.11  0.001  1.38  0.081  
14 Kaempferol 0.76  0.403  1.29  0.170  
15 Quercetin-3-O-glucoside 0.69  0.262  1.57  0.022  
16 Chlorogenic acid 0.74  0.172  0.97  0.577  
17 4-O-Caffeoyl quinic acid 1.34  0.028  1.18  0.162  
18 2,3-DHBA 1.60  0.048  0.96  0.781  
19 Secologanin 0.23  0.008  0.70  0.146  
20 Strictosidine 1.36  0.039  3.25  0.000  
21 Vindoline 2.28  0.012  2.82  0.000  
22 Catharanthine 1.63  0.003  1.46  0.003  
23 Serpentine 1.06  0.276  2.00  0.553  
24 Fumaric acid 0.33  0.344  0.87  0.808  
*Alpha < 0.05: significant difference 
* -: overlapped signal, not quantitatively analyzed. 
 



















































































































































































































































































































































Phenylpropanoids were also investigated in this study. Changes occurred in 
the levels of 2,3-DHBA (the isochorismic acid pathway), Caffeoyl quinic acids 
(the phenylalanine/phenylpropanoid pathway) and flavonoids 
(phenylalanine/phenylpropanoid pathway) among OR, GO and control lines. In 
OR lines, the levels of 2,3-DHBA and 4-O-Caffeoyl quinic acid significantly 
increased and the levels of chlorogenic acid, kaempferol and 
quercetin-3-O-glucoside slightly decreased. In GO lines the level of 
quercetin-3-O-glucoside was increased significantly, also 4-O-Caffeoyl quinic 
acid and kaempferol showed increases in their levels while chlorogenic acid and 
2,3-DHBA showed slightly decreased levels (Fig. 6). Both phenylpropanoids 
and TIAs derive from the intermediate chorismic acid in the shikimate pathway 
(Mustafa and Verpoorte, 2007). Vacuoles accumulate both TIA and 
phenylpropanoids like flavonoids. Flavonoids and alkaloids also co-accumulate 
in single epidermis cells of C. roseus leaves (Mahroug et al., 2006). A previous 
study reported that ectopic overexpression of tryptophan feedback-resistant 
anthranilate synthase holoenzyme (ASαβ) in C. roseus hairy roots increased the 
accumulation of phenolic compounds, especially of the flavonoid catechin 
(Chung et al., 2007). Our results with the whole plant were inconsistent with 
this previous study. ORCA3 overexpression alone, or in combination with 
G10H co-overexpression, in C. roseus plants seem to channel the metabolic flux 
from chorismate towards the indole pathway (tryptophan and tryptamine) at the 
same time to have a feedback on other branches from the chorismate pathway 
towards phenylpropanoids via prephenate and towards 2,3-DHBA via 
isochorismate. Chorismate thus seems to be an important regulatory branch 
point for secondary metabolism. 
Conclusion 
The current work demonstrates that overexpression of a regulatory gene 
(ORCA3) and a structural gene (G10H) in the TIA pathway results in increases 
of terpenoid indole alkaloids (strictosidine, vindoline, catharanthine and 
ajmalicine) accumulation in C. roseus plants, and also has a feedback on 
phenylpropanoid biosynthesis. The results suggest that the ORCA gene might 
have a broader effect on the cellular differentiation towards a phenotype of 
epidermal cells. Since ORCA3 overexpression did not have a strongly positive 
effect on the accumulation of bisindole alkaloids, the study points to a 
separation of the regulation for this last step in the biosynthesis of these 
alkaloids, which does not occur in the epidermis but is localized in specialized 
idioblasts deep in the C. roseus leaves. Modifying TIA biosynthesis to improve 
production requires a more advanced targeted engineering as the complex 
biosynthetic pathway involves different cell types which means that not only 
structural genes encoding biosynthetic enzymes are rate limiting, but also 
transport between cellular compartments and between cells probably plays a 
major rate determining role. 
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Plant metabolism is a complex network. Pathways are correlated and affect 
each other. Secondary metabolic pathways in plant cells are regulated strictly, 
and upon an intra- or extra stimuli (e.g. stress) the metabolic fluxes will change 
as a response on the stimuli, e.g. to protect the plant against herbivore or against 
microbial infections. 
13
C-isotope labeling experiment has been performed on 
cell cultures and hairy roots of Catharanthus roseus to measure fluxes through 
some pathways. However, due to the complexity of the total metabolic network 
in an intact plant, no experiments have yet been carried on C. roseus plants. In 
this study, [1-
13
C] Glucose was first applied to C. roseus seedlings grown in 
culture medium. In a time course the amount and position of 
13
C incorporation 






C HSQC NMR. The 
results show that the fed 
13
C-isotope was efficiently incorporated into and 
recycled in metabolism of the intact C. roseus plant. The C. roseus plants seem 































Metabolic flux analysis (MFA) aims at the quantitation of the carbon flow 
through a metabolic network by measuring the enrichment and position of 
labels in the various measurable metabolites after feeding a labeled 
precursorin-vivo or in-vitro. Though now common in microorganisms, in plants, 
with their complex secondary metabolic pathways, MFA is so far mostly 
focused on primary metabolism. In fact, each metabolic flux reflects the 
function and performance of a specific pathway in a plant’s development and its 
interaction with the environment, e.g. defense against herbivores or 
microorganisms (Ratcliffe and Shachar-Hill, 2006). Consequently metabolic 
fluxes represent the fourth dimension of a living organism. There are three 
dimensions of space, which form the phenotype, but the dynamics, the fluxes, 
represent life. Flux analysis based on 
13
C-isotope labeling experiments (
13
CLE) 
has been established as an effective method for determining the flux distribution 
through the compartmented pathways of primary metabolism in plant cells. The 
13
C isotope is not radioactive, thus convenient to be used to label the 
metabolites in the pathways. Usually a specifically 
13
C-isotope labeled substrate, 
e.g. [1-
13
C] glucose, is used in a CLE study. After feeding, this labeled material 
is distributed over the various metabolic pathways. At various time points the 
distribution of the label over the various measurable metabolites, is measured 
by using different NMR or MS instruments (Szyperski, 1998; Mollney et al., 
1999). By NMR the position of the label as well as the enrichment on every 
position in a molecule can be measured. By MS the overall enrichment of a 
molecule can be determined, whereas the position is can only to some extent be 
determined by analysis of the fragments. 
There are two strategies for 
13
C MFA: one is dynamic labeling strategy 
(time course experiments), the other is steady-state labeling strategy. The 
dynamic labeling strategy has an advantage in studying small partial networks 
and it is particularly effective for the analysis of secondary metabolism 
(Ratcliffe and Shachar-Hill, 2005). In this approach a specific labeled advanced 
precursor of a pathway is pulse fed, and after a given time the incorporation is 
measured in the products of the pathway involved. In a steady-state labeling 
strategy the organisms is permanently growing in a medium containing a very 
early substrate for primary metabolism (e.g. a labeled sugar of pyruvate) and the 
diffusion of the label through all pathways is monitored by measuring 
incorporation and position of the label in all measurable metabolites. This 
approach is usually utilized in studies of central carbon metabolism. In fact the 
limiting factor in flux analyses in plants is the detection limits for the various 
metabolites, as the levels of primary metabolites in plants is many fold higher 
than of secondary metabolites, the dynamic range analytical tools hamper the 
analysis of minor compounds. Therefore often specific and selective extraction 
methods are used for the dynamic approach, whereas for the steady state 
approach one uses the more general metabolomics analytical protocols. 




In Catharanthus roseus, 
13
C label have been applied for both pathway 
elucidation and systemwide flux quantification. By feeding [1-
13
C] glucose to a 
cell culture of C. roseus with 
13
C NMR spectroscopy (Contin et al, 1998) the 
biosynthetic pathway of secologanin was elucidated from which secologanin 
was found to originate from the triose-phosphate pathway. Salicylic acid 
biosynthesis was uncovered in C. roseus cell cultures by a retrobiosynthetic 
study based on 
13
C feeding experiments (Mustafa et al., 2009). Flux 
quantification in central carbon metabolism of C. roseus hairy roots by 
13
C 
labeling-based flux analysis, and quantitative assessment of crosstalk between 
the two isoprenoid biosynthesis pathways in cell cultures of C. roseus were also 
reported (Sriram et al. 2007; Schuhr et al. 2003). Antonio et al. (2013) used 
plant cell suspension cultures of C. roseus to study the the changes in fluxes 
after elicitation with jasmonate. The incorporation of fully labeled pyruvate was 
measured by GC-MS and UPLC-MS. The elicitation was found to disturb 
various metabolic pathways, as could be concluded from the differences in 
incorporation of labels. Up to now 
13
CLE-based MFA has not been 
implemented on intact C. roseus plants. The major reason is that intact plants 
are a more complex metabolic system than cell cultures or hairy root cultures 
which only have one a few different cell types. For example, previous research 
showed that some valuable TIAs (e.g. vindoline, vinblastine and vincristine) can 
only be produced in leaves of C. roseus, not in cell cultures and hairy roots, due 
to the tissue- and cell-specific organization of TIA biosynthesis. So a more 
detailed understanding of carbon flux distribution in the complex metabolic 
networks of intact C. roseus plants is a prerequisite for progress in metabolic 
engineering of TIA production in order to feed the rapidly growing market 
demands of these important TIAs. 
In this study, the fate of [1-
13
C] glucose fed to the intact C. roseus plants 
via the root system was analyzed in considerable detail. Labeling patterns of 
targeted metabolites were deduced from previous publications (Lundstrom et al., 
2007; Mustafa et al., 2009; Contin et al., 1998) (Fig. 1), and confirmed by the 
current experiment. By tracing the label in some of the detected primary and 
secondary metabolites through a time course, we have information about the 
13
C 
incorporation status of these compounds and thus in the metabolic fluxes in the 
C. roseus plant metabolism and the channeling of carbon into the MIA 






















































































































































































































































Materials and methods 
Plant material and in-vitro culture 
Catharanthus roseus seeds (Pacifica Cherry Red cultivar) were purchased 
from PanAmerican Seed Company (USA). The seeds were surface sterilized in 
75 % of ethanol (v/v) and 10% of NaClO (v/v) for 1 min and 15 min 
(respectively), and subsequently washed three times with sterile distilled water. 
Sterilized seeds were germinated on solid MS medium (basal culture medium 
by Murashige and Skoog, 1962) with 1% non-labeled glucose. Finally, 54 
seedlings were obtained, sub-cultured every 2 weeks in the same MS solid 
medium and used before flowering for the labeling experiments. After 10 weeks, 
19 plants as control were transferred to glass tubes and reared (each) with 5 ml 
of 10 g/L non-labeled glucose solution; whereas the other 35 plants were placed 
in separate glass tubes containing 5 ml of 10 g/L [1-
13
C] glucose solution. The 
plant cultures were grown in a climate chamber under a 16 h light and 8 h dark 
photoperiod at 25 ± 2 °C.  
Chemicals 
Murashige & Skoog (MS) medium (including vitamins) and gelrite 
(strength: 550 ~ 850 g/cm2) were purchased from Duchefa Biochemie. D 
(+)-Glucose (>99.0%) was obtained from Fluka Chemie (Buchs, Germany), 
whereas [1-
13
C]-D- glucose (>99.0%, with > 99% atom 1-
13
C) was from Campro 
Scientific (Veenendaal, The Netherlands). Jasmonic acid (JA) was from 
Sigma-Aldrich Chemie (Steinheim, Germany).  
Jasmonic acid elicitation 
A stock solution of 10 mg/ml of JA 40% EtOH was prepared, filter 
sterilized and used for elicitation. After 5 days submerging the plant roots with 
5 ml of [1-
13
C] glucose solution (1% w/v), 11 μl of the JA stock solution was 
aseptically spiked into each tube. The control samples received only the same 
volume of 40% EtOH. The plants were harvested at 0 h, 6 h, 24 h, and 72 h 
after treatment; young leaves, old leaves, stems and roots of C. roseus plants 
were harvested separately, immediately frozen and ground in liquid nitrogen 




H-NMR spectra were recorded in CH3OH-d4 using a Bruker DMX 600 




MHz spectrometer, whilst the coherence order selective gradient heteronuclear 
single quantum coherence (HSQC) spectra were recorded in CH3OH-d4 by a 
Bruker AV 500 MHz spectrometer. HSQC spectra were recorded for a data 
matrix of 256 × 2048 points covering 30182.7 × 7812.5 Hz with 64 scans 
for each increment (Kim et al., 2010). INEPT transfer delays were optimized 
for a heteronuclear coupling of 145 Hz and a relaxation delay of 1.5 s was 
applied. Data was linear predicted in F1 to 512 × 2048 using 32 coefficients 
and then zero-filled to 2048 × 2048 points prior to echo-anti echo type 2D 
Fourier transformation and a sine bell shaped window function shifted by π/2 in 
both dimensions was applied. 1D projection along the F1-axis was extracted 
using the build-in positive projection tool of Topspin (version 2.1, Bruker 
Biospin). 
The signal intensity of carbons at certain positions of a given metabolite 
was obtained from peak height in the 
13
C-dimension spectra abstracted from the 
2D HSQC spectra. The signal height of CH3OH-d4 was selected as standard and 
set as 1 in both labeled and non-labeled samples. The other signals were 
normalized and expressed relative to this signal. 
13
C signal intensity ratio was 
calculated by comparison of normalized 
13
C signal heights between 
13
C labeled 
and non-labeled samples. 
Results and discussion 
Comparison of growth and metabolism of C. roseus plants 
grown in the solid culture medium versus soil  
Two batches of C. roseus seeds (each containing of 10 seeds) were 
germinated, one batch in soil and another one in solid MS medium with glucose. 
They were kept in the same condition of light and temperature. The height, the 
size and the leaf pairs of the plants from seedling until flowering were 
monitored and recorded regularly to determine the growth state of plants.  
After 10 ~12 days, seeds in both batches germinated and produced their 
first pair of leaves. In the first 3 weeks after germination, there were no 
significant differences of height, leaf pairs and leaf size between plantlets 
grown in MS medium and in the soil (Fig. 2). However, in the following days, 
the plantlets in MS medium provided one more pair of leaves than those in soil 
did, but the leaf size was much smaller than that of plantlets grown in the soil 
(Fig. 2A and 2B). Moreover, the soil plantlets grew higher than those grown in 
MS medium (Fig. 2C). Plantlets in MS medium entered flowering time around 
100 days after sowing, whereas those in soil flowered at 75 days. The plantlets 
grown in soil had a higher growth rate and a larger biomass than those grown in 
MS medium. 





Fig. 2 Comparison of the number of leaf pairs (A), leaf size (B) and height (C) of 
Catharanthus roseus plants grown in MS medium and soil during the development 
stage.  
 
Metabolic differences between the plants grown in soil and MS medium 
were observed by 
1
H-NMR (Fig. 3). The 
1
H-NMR spectra showed that 
qualitatively metabolites of plants grown in soil or MS medium were similar, 
but the levels varied (Table 1). Plants grown in soil produced higher levels of 
organic acids and sugars (malate, fumaric acid, glucose, and sucrose) than those 
grown in MS medium, indicating a low function/ reduced level of 
carbon-fixation in the leaves of the MS grown plants. Also secondary 
metabolites (such as secologanin, vindoline, quercetin and kaempherol) were 
found in higher levels in soil-grown plants than the plants grown in MS medium. 
On the other hand, plants cultured in MS medium displayed significantly higher 
levels of arginine, glutamine and asparagine but relatively low level of glucose 
and sucrose. The levels of threonine, glutamate, quinic acid and lactic acid were 





H-NMR spectrum of the crude extracts of Catharanthus roseus plants grown 
in soil (A) and MS medium (B). 




Table 1. Comparison of metabolite levels in Catharanthus roseus plants grown in 










Vindoline 0.42 0.22 1.91 
Threonine 0.27 0.34 0.79 
Lactic acid 0.14 0.22 0.64 
Alanine 0.54 0.51 1.06 
Arginine 0.82 4.27 0.19 
Quinic acid 0.21 0.30 0.70 
Glutamate 1.25 2.14 0.58 
Glutamine 2.94 7.08 0.42 
Malate 5.96 1.82 3.27 
Asparagine 0.03 0.45 0.07 
β-glucose 0.67 0.13 5.15 
α-glucose 0.42 0.08 5.25 
Sucrose 1.34 0.39 3.44 
Chlorogenic acid 0.12 0.11 1.09 
Fumaric acid 0.10 0.07 1.43 
Catharanthine 0.20 0.17 1.18 
4-O-Caffeoyl quinic acid 0.15 0.12 1.25 
Quercetin-3-O-glucoside 0.10 0.04 2.50 
Kaempherol 0.13 0.08 1.63 
Secologanin 0.13 0.03 4.33 
 
Some groups of metabolites have a close correlation with plant growth and 
biomass, like the tricarboxylic acid cycle (TCA) cycle intermediates succinate, 
citrate or malate, as well as amino acids (Meyer et al., 2007). Both glutamine 
and asparagine are the major compounds for nitrogen fixing, transport and 
storage in plants (Lea et al., 2007). With the much more abundant nitrogen 
source in the medium than in the soil, the high levels of the amino acids in the 
medium grown plants could be explained. Meyer et al., (2007) reported a 
negative correlation to the plant biomass with glutamine, which is in line with 
our findings. Sucrose starvation may lead to the presence of a large excess of 
asparagine in plant cells (Genix et al., 1990). In the present study, the plants 
cultured on solid MS medium require an aseptic jar with cap, which limits the 
space to grow, and also affects air exchange, CO2 availability and accumulation 
of volatiles in the head space if compared with plants grown in soil. Despite the 
uptake of carbohydrates from the medium through the roots the growth was less 




than the plants grown in soil which are dependent of carbon fixation by leaves. 
The limited availability of CO2 in the sterile closed containers may thus be a 
reason for lower biomass production.  
[1-
13
C] glucose feeding experiment and JA elicitation on 
Catharanthus roseus plantlets 
Samples from different organs (upper and lower leaves, stems and roots) 
were measured by proton and carbon NMR. After feeding the plants with [1-
13
C] 
glucose for five days, incorporation of 
13
C label was found in some primary and 
secondary metabolites detected in all organs of the C. roseus plantlets. 
13
C 
signals of some primary and secondary metabolites were assigned based on the 
“in-house” database and some references (Choi et al., 2004; Mustafa et al., 
2009), and confirmed in the chapter 4. Totally 14 amino acids, 9 organic acids, 
2 carbohydrates, 6 phenylpropanoids, 5 TIAs, 2 terpenoids and 3 other 
compounds were identified. Among them, only the metabolites from which 




C NMR spectra were quantified (Fig. 4). Those include some primary 
metabolites like amino acids (threonine, alanine, asparagine, aspartate, 
glutamine, glutamate and arginine) and malic acid (Fig. 4A), as well as some 
secondary metabolites like phenylpropanoids (chlorogenic acid, 
4-O-caffeoylquinic acid), terpenoids (loganic acid and secologanin) and TIA 
(vindoline) (Fig. 4C).  
Figure 5 shows the 
13
C-dimension HSQC spectra and 
1
H-NMR spectra of 
the non-labeled sample and the 
13
C-enriched sample determined in CH3OH-d4. 
As expected the superimposed 
1
H-NMR spectra of leaves (Fig. 5) and stems 
(Data not shown), did not show any significant difference in proton signal 
intensity of the metabolites for the control and the 
13
C-enriched sample. 
Production of these sugars caused a decrease in the levels of glucose and 
sucrose in roots but did not affect the metabolite levels in other organs. Except 
this, there was no significant change in metabolites levels of the plants fed with 
labeled- and non-labeled glucose solution (Table 2). This information is 
necessary to confirm that the 
13
C signals of the spectra of enriched samples are 
due to incorporation of label, and not because of higher levels of production of 
the metabolites. Superimposed 
13
C-dimension HSQC spectrum showed that the 
enriched sample had a much higher intensity of 
13
C signals than the non-labeled 
one. The results indicate that the [1-
13
C] glucose-fed C. roseus plants grew 
normally, and incorporated the labeled sugar into its metabolic network. 
Previous work with Arabidopsis support that 
13
C feeding does not in itself 
distort the fluxes through the metabolic network in a plant (Kruger et al., 2007). 
 














H] HSQC spectrum of CH3OH-d4 extract of Catharanthus roseus 
leaves. A, spectrum region displaying amino acid resonances; B, spectrum region 
displaying sugar resonances; C, spectrum region displaying aromatic resonances. 1, 
alanine; 2, threonine; 3, arginine; 4, glutamine; 5, glutamate; 6, malate; 7, aspartate; 









Fig. 5 Superimposed 
1
H-NMR Spectra and 
13
C-dimension HSQC spectrum of 
labeled and non-labeled Catharanthus roseus plants. Spectra in green were 
non-labeled plants sample, spectra in red were 
13
C labeled plants sample. 
 




Table 2. Comparison of metabolite levels in different organs between labeled and 
non-labeled Catharanthus roseus plants. *nd: not detected 
Compounds 
Ratio of metabolite levels in labeled and 
non-labeled samples, (L0/C0), based on 
1
H-NMR 
Upper leaf Lower leaf Stem Root 
β-glucose 1.04 0.76 1.01 0.42 
α-glucose 0.97 0.67 1.03 0.39 
Sucrose 0.95 0.62 0.82 0.65 
Threonine 1.25 0.97 0.88 1.05 
Alanine 1.12 0.92 0.96 0.82 
Arginine 1.16 0.75 0.82 0.74 
Glutamate 1.13 0.95 0.89 0.70 
Glutamine 0.78 0.60 0.89 0.81 
Aspartate 1.28 0.83 0.87 1.22 
Asparagine 0.88 0.85 0.77 0.93 
Malic acid 1.63 0.85 0.98 0.95 
Fumaric acid 0.90 0.77 0.67 nd 
Vindoline 1.07 0.89 1.20 nd 
Chlorogenic acid 1.54 0.85 0.75 nd 
4-O-caffeoylquinic 
acid 
1.16 0.90 1.00 nd 
Quercetin 1.50 1.33 nd nd 
Kaempferol 1.30 1.00 nd nd 
Secologanin 1.50 1.00 nd nd 
Loganic acid 1.10 1.00 0.94 0.89 
13
C Incorporation into primary and secondary metabolites 
The signals in the HSQC spectra of the enriched samples were identified 
(Fig. 4). The carbon position of 
13
C incorporation into a metabolite was 
investigated by calculating 
13
C signal intensity ratios between the same carbons 
of the metabolite in labeled and non-labeled samples (Table 3). 
Among amino acids, the signals corresponding to C at δ 16.98, C-3 of 
alanine, exhibited a high 
13
C relative enrichment ratio. Glycolysis introduces the 
C-1 or C-6 of glucose into alanine C-3 (Lundstrom et al., 2007). Carbon signals 
at δ 20.47 of threonine and at δ 37.21 of aspartate also showed a relatively high 
labeling. The carbons of arginine and asparagine were apparently less labeled. 




Table 3. The chemical shifts, peak height and relative enrichment ratio of the same 



















Glucose 4.58 97.04 3.2E+07 1.3E+08 0.17 2.89 17.31 
Alanine 1.49 16.98 8.0E+06 2.1E+07 0.04 0.47 11.26 
Glutamine 2.05 27.11 4.6E+07 3.9E+07 0.23 0.88 3.75 
  2.38 31.83 1.6E+08 1.7E+08 0.80 3.72 4.63 
  3.71 55.02 3.0E+08 2.3E+08 1.56 5.12 3.29 
Glutamate 2.14 27.74 2.1E+06 7.0E+06 0.01 0.16 14.81 
  2.46 34.44 6.3E+07 1.5E+08 0.32 3.36 10.45 
  3.72 55.67 9.8E+06 3.9E+07 0.05 0.86 17.14 
Arginine 1.72 24.9 1.7E+07 6.7E+06 0.09 0.15 1.77 
  1.92 28.53 2.1E+07 8.1E+06 0.11 0.18 1.68 
  3.24 41.38 5.9E+07 2.1E+07 0.30 0.47 1.56 




35.23 1.2E+08 4.0E+07 0.62 0.90 1.44 
  3.96 52.21 1.7E+08 4.7E+07 0.89 1.05 1.19 




43.4 6.0E+07 8.5E+07 0.31 1.91 6.21 
Chlorogeni
c acid 




7.09 124.2 1.7E+06 2.5E+06 0.01 0.06 6.63 
Loganic 
acid 
1.07 12.69 2.5E+06 5.6E+06 0.01 0.13 9.96 
7.03 146.1 6.5E+05 5.2E+06 0.00 0.12 34.49 
Vindoline 0.49 7.43 6.0E+06 2.4E+06 0.03 0.05 1.76 
 
Glutamate (C-3 at δ 27.74, C-4 at δ 34.44, C-5 at δ 55.67) and glutamine 
(C-3 at δ 27.11, C-4 at δ 31.83 and C-5 at δ 55.02) showed clear high 
13
C 
incorporation. The relative enrichment ratios of C-3 and C-2 of glutamine were 
lower than that of C-4, which indicate the entry of a diluting flux of C4 




compounds into the TCA cycle (Malloy et al., 1988). For glutamate, however, 
C-4 had a lower relative enrichment ratio than C-3 and C-2. Non-symmetrical 
enrichment ratios of C-2 and C-3 implies that there might be a form of 
channeling that converts oxoglutarate C-4 to oxaloacetate C-2 or C-3 
(Dieuaide-Noubhani et al., 1995). 
In plant cells, the labeling of amino acids alanine, glutamate, and aspartate 
are found to reflect that of the corresponding α-oxoacids: pyruvate, 
α-oxoglutarate, and oxaloacetate, respectively (Salon et al., 1988). The organic 
acid malate showed a 6-fold increased intensity for the carbon signal at δ 43.40. 
Besides primary metabolites, secondary metabolites also exhibited clear 
13
C incorporation. Two phenylpropanoids, chlorogenic acid and its isomer 
4-O-caffeoyl quinic acid, have an increased 
13
C intensity of C-6. Incorporation 
of 
13
C could be observed for C-3 and C-10 of loganic acid. These results are in 
agreement with the prediction shown in Fig. 1. The signal corresponding to 
C-18 of vindoline in the labeled sample was 2-fold higher than in the spectrum 
of the control. 
 
13
C Incorporation in different organs  
Based on 
1
H-NMR spectra, relative levels of primary and secondary 
metabolites in different organs were calculated by normalizing the integral of 
signal peaks to the internal standard (TSP). Table 4 showed that leaves, 
especially upper leaves, contained higher levels of amino acids, 
phenylpropanoids, iridoids and vindoline than stems and roots. In roots 
phenylpropanoids and vindoline which biosynthesis dependent on chloroplasts 
were not detected, whereas iridoids displayed a much lower level in roots while 
glucose and sucrose had relatively higher levels than in other organs.  
The incorporation of 
13
C in different organs (upper leaf, lower leaf, stem 
and root) were also investigated by comparison of relative enrichment ratios in 
order to have a clue about the accumulation of label in different organs and its 
connection with transport and compartmentation of the pathways in the plants 
(Table 5). From the 
13
C dimension of HSQC spectra of all organs, 
13
C signals of 
labeled samples showed an apparently higher intensity in the amino acid and 
sugar areas than those of non-labeled ones (Fig. 6), which indicated that 
13
C-isotope was efficiently incorporated into the primary metabolism of intact C. 
roseus plants via the roots. Glucose had higher 13C intensity ratio in lower 
leaves and roots but relatively low in upper leaves and stems, thus showing a 
time dependent distribution through the plant. Glutamate and aspartate, directly 
derived from α-ketoglutarate and oxaloacetate of the TCA cycle, showed clear 
13
C enrichment in all organs. So did malate, one of the bricks in the TCA cycle. 
Meanwhile, glutamate, aspartate and malate all displayed the highest 
13
C 
intensity ratio in roots. These results indicate that 
13
C was efficiently 
incorporated and recycled in the primary metabolism of intact plants. Upper 
leaves had higher levels and higher relative enrichment ratios of glutamate and 




malate compared with lower leaves, reflecting the faster rate of TCA cycle in 
the upper parts for plants growing. The glutamate-derived amino acids 





C incorporation in all organs with the highest intensity 
ratio in roots and the lowest in stems, whereas arginine showed low 
13
C 
incorporation in all organs, implying a low flux in its biosynthetic pathway and 
low usage for other pathways. The 
13
C incorporation of aspartate-derived amino 
acids asparagine and threonine was also different. Threonine had relatively high 
13
C incorporation in upper leaves and roots, but relatively low in lower leaves 
and stems, indicating a high turnover in the upper leaves. Asparagine, except for 
roots, displayed low 
13
C incorporation in the other organs. Pyruvate-derived 
alanine exhibited the lowest relative enrichment ratio in upper leaves, whilst the 
highest was found in stems and roots.  
 
Table 4 Relative level of metabolites in different organs of Catharanthus roseus 
based on 
1
H-NMR spectra. *nd: not detected 
Compounds 
Relative levels of metabolites 
Upper leaf Lower leaf Stem Root 
β-glucose 0.46 0.89 0.95 1.36 
α-glucose 0.34 0.56 0.62 0.83 
Sucrose 0.20 0.33 0.53 0.81 
Threonine 0.45 0.44 0.45 0.17 
Alanine 0.45 0.46 0.29 0.17 
Arginine 3.19 5.93 5.09 1.07 
Glutamate 3.05 2.15 2.92 0.91 
Glutamine 3.72 1.74 7.91 1.38 
Aspartate 1.07 0.93 0.41 0.22 
Asparagine 2.82 1.25 1.84 0.44 
Malic acid 0.32 0.40 0.22 0.09 
Fumaric acid 0.11 0.11 0.02 nd 
Vindoline 0.28 0.09 0.05 nd 
Chlorogenic acid 0.25 0.37 0.03 nd 
4-O-caffeoylquinic acid 0.17 0.15 0.04 nd 
Quercetin 0.05 0.05 0.03 0.03 
Kaempferol 0.09 0.10 0.02 nd 
Secologanin 0.02 0.02 0.0006 0.0002 
Loganic acid 0.07 0.14 0.11 0.05 
 




Table 5. Relative enrichment ratios of the carbons of some metabolites in different 
organs of Catharanthus roseus plants fed with [1-
13














Alanine 16.98 9.76 32.38 118.89 84.86 
Threonine 20.47 3.55 1.06 1.39 18.91 
Arginine 24.9 1.89 1.12 1.67 2.99 
  28.53 1.58 1.07 1.17 1.15 
  41.38 1.52 0.91 0.91 1.66 
Glutamine 27.11 2.80 2.34 1.89 6.38 
  31.83 3.21 4.03 3.09 6.70 
  55.02 2.34 1.38 2.01 8.43 
Glutamate 27.74 11.79 5.39 3.36 20.65 
  34.44 7.21 3.37 4.63 16.75 
  55.67 15.49 2.72 5.11 25.06 
asparagine 35.23 1.21 0.75 1.09 5.67 
  52.21 1.17 0.95 1.23 4.18 
Aspartate 37.21 2.25 3.40 4.07 36.29 
Malate 43.4 4.67 4.41 7.82 26.51 
β-glc 97.04 30.96 55.55 15.01 32.79 
Vindoline 7.43 2.96 nd nd nd 
Loganic acid 12.69 7.66 3.75 4.26 23.62 
  146.1 27.96 13.77 6.59 24.79 
Chlorogenic acid 123.12 2.88 1.42 nd nd 
 
146.8 93.69 nd nd nd 
4-O-Caffeoyl quinic 
acid 
124.16 10.35 nd nd nd 
 









C dimension of HSQC spectra of amino acids (δ 10~55 ppm) and 
secondary metabolites (δ 105~150 ppm) in different organs of Catharanthus 
roseus after feeding [1-
13
C] glucose. L, labeled samples; N, non-labeled 
samples; M, malate 




In stems and roots, no 
13
C signals of vindoline, chlorogenic acid and 
4-O-Caffeoyl quinic acid were detected with or without feeding [1-
13
C] glucose. 
Vindoline is not found in roots due to its tissue-specific biosynthesis requiring 
chloroplasts for one of its biosynthetic steps (Zhou et al., 2011; Murata et al., 
2008; Abbasi et al., 2007; Shukla et al., 2006; Murata and De Luca, 2005; De 
Luca and Cutler, 1987). The 
13
C signal of loganic acid at δ 12.69 and 146.1 ppm 
was clearly present and showed a high relative enrichment ratio at the spectra of 
all organs while that of secologanin at δ 121.53 ppm was only found in the 
spectra of leaves. It was difficult to calculate the relative enrichment ratio of 
secologanin due to the signal overlapping. In roots and stems secologanin was 
too low for further analysis. The high levels of loganic acid in the roots are in 
line with a previous study that reported that LAMT activity, which converts 
loganic acid into loganin (the direct substrate of secologanin), was 4 to 8 times 
lower in hairy roots than that in the other organs of the plant (Murata et al., 
2008). 
Effect of JA elicitation on 
13
C fluxes into metabolic pathways 
JA was spiked into the labeled glucose solution at the 6th day after 
submerging the plant roots in the solution. The control plants were also reared 
in labeled glucose solution but without JA elicitation. Leaves were harvested at 
0, 6, 24 and 72 h (6, 7 and 9 d of incubation with the labeled glucose solution) 
after elicitation and measured by 1H-NMR and HSQC.  
For control plants, NMR spectra showed that the enrichments of malic acid and 
of the amino acids alanine, arginine, glutamate, glutamine, aspartate and 
asparagine in the leaves were nearly identical at 6 and 9 d of incubation with the 
labeled glucose solution (Fig. 7), suggesting the establishment of steady state at 
6 d. However, the incorporation of label in glucose and threonine increased 
continuously within the measured period of 9 days. 
Besides, loganic acid and chlorogenic acid kept the same enrichments 
while vindoline and 4-O-caffeoylquinic acid showed an increase of the 
enrichments within 9 days. Previous study with C. roseus hairy roots grown in 
the light showed that the 
13
C label was not diluted by CO2 fixation (Schuhr et 
al., 2003). In tobacco plants grown on agar containing labeled glucose, the 
metabolism was studied on a quantitative basis showing that the labeled glucose 
was efficiently absorbed via the root system, metabolized and recycled 
(Ettenhuber et al., 2005). Our results indicate that the C. roseus plant system 





























































































































































































JA elicitation had little effect on the level of most metabolites, except 
glutamate, glutamine, vindoline and loganic acid. Although JA induced an 
increase of glutamate and glutamine levels (Fig. 8), their relative enrichment 
ratio remained unchanged compared with the controls. At the same time, the 
enrichment of alanine at C-3 showed an increase without levels changing 
compared to the controls. Vindoline levels showed an increase and reached the 
highest level at 72 h (23% higher than the controls) after JA treatment (Fig. 8). 
However, the relative enrichment ratio of the C-18 signal of vindoline was 
lower in JA-elicited samples than in the controls, especially at 6 h (Fig. 7). The 
level of loganic acid decreased with time (Fig. 8), leading to a dramatical 
decrease of its enrichment at both C-3 and C-10 from 6 h to 72 h. The levels of 
chlorogenic acid and 4-O-caffeoyl quinic acid in the time course did not change 
after JA elicitation (Fig. 8), but the enrichments were lower than those of the 
control labeled samples (Fig. 7). 
13
C fluxes to various metabolic pathways, like 
glutamate and loganic acid, could be disturbed within 24 h after MeJA treatment 




Fig. 8 Relative levels of metabolites in Catharanthus roseus leaves after JA 
elicitation. Grey bars: JA elicited samples; black bars: control samples. 





This study reports a comprehensive 
13
C labeling-based metabolomics of a 
plant system. [1-
13
C] glucose was efficiently absorbed via the root system and 
recycled in the whole plant of C. roseus. The plant system of C. roseus could 
reach a relatively steady isotopic state in 
13
CLE, which appears to be well 
qualified to study flux contributions in the biosynthesis of sink metabolites for 
system biology. Combined with exogenous elicitation, 
13
C MFA appears to be a 
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In the past four decades Catharanthus roseus has been studied widely from 
genes to metabolites. As a natural source for the diversity of over 130 terpenoid 
indole alkaloids (TIAs), including the antitumor bisindole alkaloids vinblastine 
and vincristine, C. roseus plants are of great pharmaceutical and commercial 
values. The TIA pathway in C. roseus has been shown to be a multistep 
biosynthesis spread over different cell types and their subcellular compartments. 
This pathway is tightly regulated by endogenous, developmental and 
environmental factors. In the past years different omics approaches have been 
developed and are now used as tools in systems biology approaches to dissect 
and define a living system. In this approach metabolomics directly reflects the 
organisms’ phenotype which then can be linked with the genotype by 
comparison with the transcriptome and proteome. Hence the analytical coverage 
of all metabolites helps in getting a deeper insight into complex biochemical 
systems. 
Firstly, we reviewed the knowledge of the TIA biosynthetic pathway in C. 
roseus (Chapter 2), including the biosynthetic routes and steps, localization of 
intermediates, enzymes and genes, transport and transcription factors, metabolic 
engineering strategies, and NMR-based metabolomics studies. Recent 
identification of genes and enzymes in the MEP-secoiridoid pathway completed 
most of the architecture of TIA biosynthesis. Four cell types (epidermis, internal 
phloem associated parenchyma cells, laticifers and idioblasts) and six 
intracellular compartments (plastid, chloroplast, vacuole, nucleus, ER and 
cytosol) are concluded to be involved in TIA biosynthesis. Some TIAs 
accumulate specifically in certain organs only. Different types of transcription 
factors participate in regulating TIA biosynthesis, such as inducers (like ORCAs) 
and repressors (like ZCTs, and GBFs). Cloning of the encoding genes and 
characterization of biosynthetic enzymes, transcription factors, and transporters 
opened the way to metabolic engineering of the TIA biosynthesis with the aim 
to improve the productivity of TIA in different production systems of C. roseus 
alkaloids (cell cultures, hairy roots and plants). However, genetic modification 
of the TIA pathway resulted in complicated changes of the total metabolism, 
and not only in TIA accumulation. To understand these unpredicted changes, 
metabolic profiling and fingerprinting combined with multivariate data analysis, 
metabolic flux analysis based on 
13
C labeling experiments, in combination with 
other “omics” have been implemented on C. roseus plants for studying stress 
response, cross talk between pathways, and diversion of metabolite fluxes, all 
needed to elucidate the TIA biosynthesis, and its regulation and function in C. 
roseus from a systemic point view. 
To better analyze the spatial and temporal organization of TIA 
accumulation in C. roseus, an HPLC method was developed and validated for 
simultaneous determination of eight TIA and three precursors (Chapter 3). This 
method could monitor the TIA profile in different organs of C. roseus during the 
plant’s developmental stages. Leaves can accumulate more different kinds and 





accumulated more in roots. Moreover, vinblastine was only detected in leaves 
and vindoline was not present in roots. The bisindole alkaloid 
anhydrovinblastine was found in both flowers and leaves but not in stems and 
roots. Leaf age is also an important factor affecting TIA biosynthesis and 
accumulation since activities of several enzymes in the pathway are related with 
the maturation of a leaf (Murata et al., 2008). We found that with leaf aging the 
levels of monoindole alkaloids decrease, but the levels of their precursors’ 
tryptophan and loganin increase. The middle-aged leaves constitute the major 
repository site of bisindole alkaloids. The levels of TIAs vary upon the growth 
of C. roseus plants. The levels of vindoline, catharanthine and ajmalicine 
increase before flowering and decrease during flowering, whilst 
anhydrovinblastine and vinblastine accumulate at the flowering time. Blooming 
does not affect the levels of serpentine and vindolinine.  
Catharanthus roseus is not only valued as a medical plant but is also much 
appreciated as an ornamental plant for its long flowering period and diversity of 
flower colors. For the plant breeding it is interesting to investigate the metabolic 
profiles of different organs (leaf, stem, and root), and see if they correlate in any 
way with the metabolites coloring the flowers to be able to predict the flower 
color of novel crossings already in an early growth phase before flowering. In 
addition, the profiling and comparison of metabolites in different organs may 
give some clues on metabolic interactions, including with the TIA pathway, 
between organs. 
1
H-NMR spectroscopy based metabolic profiling and 
multivariate data analysis were used to investigate and characterize the 
metabolites of the leaves, stems, roots, and flowers of C. roseus with four 
different flower colors (orange, pink, purple, and red) (Chapter 4). We found 
that each color features a special pattern of metabolites in the flower, in which 
anthocyanins, flavonoids, organic acids, and sugars could be identified. The 
different organs also presented metabolic differences with the flowers. However, 
the metabolomes of leaves, stems, and roots do show some markers that 
correlate to the flower color. This indicates that the metabolites involved in the 
specific colors may be coming from metabolic interactions between organs. For 
the plant breeding it means that a specific color might be predicted long before 
flowering. 
Jasmonic acid (JA) is known to cause major metabolic shifts, including in 
the TIA biosynthesis in plant cell cultures of C. roseus. Therefor JA treatment 
was performed on different organs of C. roseus at different developmental 
stages to further investigate the tissue-specific and growth-dependent JA 
response of the plant itself, with special focus on TIA biosynthesis (Chapter 5). 
In C. roseus plants, JA stimulates the TIA accumulation before flowering but 
had less effect during flowering. Though some of the trends observed are not 
statistically significant, the results are supported by similar trends in the first 
and the second set of experiments. TIA biosynthesis in flowers, leaves, and 
roots showed a different response to JA elicitation. The JA level was much 





between JA and MeJA treatments, which indicates that the response to these 
different forms of jasmonate was similar in the plants. The results may be of 
interest for optimizing commercial alkaloid production in the field, as young 
leaves before flowering have the highest level of the precursors for the synthesis 
of the dimeric alkaloids.  
Metabolic engineering of C. roseus cell cultures and hairy roots was not 
successful in improving bisindole alkaloid production. Both vindoline and 
bisindole alkaloids are synthesized and stored in leaves only. Thus the whole 
plant system is necessary for genetic modification to increase bisindole alkaloid 
biosynthesis. In Chapter 6 describes NMR-based metabolomics studies of 
transgenic C. roseus plants overexpressing the regulatory protein ORCA3 alone 
(OR lines), or in combination with the TIA biosynthetic enzyme geraniol 10 
hydroxylase (G10H) (GO lines). ORCA3 overexpression induced an increase of 
anthranilate synthase (AS), tryptophan decarboxylase (TDC), strictosidine 
synthase (STR) and desacetoxyvindoline-4-hydroxylase (D4H) transcripts but 
did not affect 1 and G10H transcription. ORCA3 and G10H overexpression 
increased the accumulation of strictosidine, vindoline, catharanthine and 
ajmalicine but had limited effects on anhydrovinblastine and vinblastine levels, 
as could be learned from the NMR-based metabolomics. In addition, 
multivariate data analysis of the 
1
H-NMR spectra showed change of amino 
acids, organic acids, sugars and phenylpropanoids levels in both OR and GO 
lines compared to the controls. These results indicate that enhancement of TIA 
biosynthesis by ORCA3 and G10H overexpression might affect other metabolic 
pathways in the plant metabolism of C. roseus, especially the phenylpropanoid 
pathway. 
Chapter 7 reports a comprehensive 
13
C labeling-based metabolic flux 
analysis of the plant system. [1-
13
C] glucose was efficiently absorbed via the 
root system and spread through the whole C. roseus plant. The plant reached a 
relatively steady isotopic state in 
13
C labeling experiments, which appears to be 
well qualified for studying flux contributions in the biosynthesis of sink 
metabolites in a systemic way. Combined with exogenous elicitation, 
13
C 
metabolic flux analysis appears also to be a good model to study the crosstalk 
among pathways in the complicated plant metabolic network. 
Perspectives 
TIA biosynthesis in itself is a complex pathway, but is also part of a much 
larger and complexer metabolic network in the plant. Cloning and 
characterization of structural biosynthetic genes, regulation of the pathway by 
transcription factors, localization of the various steps of the pathway, intra- and 
intercellular trafficking of involved intermediates, and control of metabolic 
fluxes at branch points, ask for much more study before a rational metabolic 
engineering can be designed to improve TIAs production. A combination of the 





address these major issues. Hence not only metabolic profiling/fingerprinting 
but also metabolic flux analysis will be indispensable to complete the 
architecture of the TIA biosynthesis and regulation. To better understand the 
TIA pathway, a “systems biology” view is required, that means studies on the 
levels of the living cell, tissue and plant. To understand the system not only the 
structural genes are needed, but also we need to know processes like: 
- Transport, which includes physics of transport by diffusion in aqueous 
solutions, and of diffusion through membranes; active and selective 
transport through (sub)cellular membranes by proteins as transporters 
in either direction; transport through the vessels up from the leaves 
down to the roots and the reversed direction. 
- Co-factors and energy (ATP) delivery on the site of biosynthesis. 
With other words we need to understand the logistics of the cell factory, 
which is more than just knowing the genes involved, as biosynthesis requires 
that everything is in the right quantity on the right moment on the right place. 
Systems biology must deliver the insight for synthetic biology as final step, if 
possible, to reconstruct the plant cell factory into an even more efficient 
production system.  
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Catharanthus roseus is de afgelopen 40 jaar uitgebreid onderzocht van het 
niveau van de genen tot aan dat van de metabolieten. Als de natuurlijke bron 
van meer dan 130 verschillende terpenoidindolalkaloiden (TIA), waaronder de 
de antitumor bisindolalkaloiden vinblastine en vincristine, is C. roseus van 
groot farmaceutisch belang met een grote commerciële waarde. De biosynthese 
van de TIA bestaat uit meerdere stappen die verspreid zijn over verschillende 
typen van cellen en verschillende cellulaire compartimenten. De biosynthese is 
strikt gereguleerd door endogene, ontwikkelings en omgevings factoren. In de 
afgelopen jaren zijn verschillende omics technieken ontwikkeld zoals genomics, 
transcriptomics, proteomics, en metabolomics, die gebruikt worden in systeem 
biologische studies met als doel de biochemie van levende systemen te 
ontrafelen en te beschrijven. Metabolomics omvat de methodes die het fenotype 
zelf beschrijven, en van waaruit de link naar het genoom gemaakt kan worden 
met behulp van proteomics en transcriptomics. Dus analyse methodes die alle 
metabolieten kunnen meten kunnen ons helpen om meer inzicht te krijgen in 
complexe biochemische systemen. 
In dit proefschrift wordt eerst een overzicht gegeven van de beschikbare 
kennis van de TIA biosynthese in C. roseus. Dit overzicht beschrijft de 
biosyntheseweg en de individuele stappen; de lokalisatie van intermediairen en 
enzymen; de genen; de rol van transport; transcriptiefactoren; strategieën voor 
“metabolic engineering”; en de toepassing van NMR-gebaseerde metabolomics. 
Onlangs zijn de laatste genen en enzymen in de MEP-secoiridoid biosynthese 
geidentificeerd en daarmee is de architectuur van het eerste deel van de TIA 
biosyntheseweg volledig in kaart gebracht. Vier cell types (epidermis, interne 
floëem geassocieerde parenchymcellen, laticifers en idioblasten) en zes 
verschillende intracellulaire celcompartimenten (plastide, chloroplast, vacuole, 
nucleus, ER en cytosol) blijken betrokken te zijn in de TIA biosynthese. 
Sommige TIA accumuleren alleen in bepaalde organen. Verschillende types van 
transcriptiefactoren zijn betrokken bij de de regulatie van de TIA biosynthese, 
zoals de inducers (b.v. ORCAs) en repressoren (zoals ZCTs en GBFs). De 
klonering van de coderende genen en karakterisering van de biosynthetische 
enzymen, transcriptiefactoren en transport eiwitten hebben de weg geopend 
voor metabolic engineering van de TIA biosynthese, met als doel de productie 
van TIA in verschillende systemen (celcultures, hairy roots en planten) te 
verhogen. Echter genetische modificatie van de TIA biosynthese resulteerde 
niet alleen in veranderingen in de accumulatie van TIA maar ook in complexe 
veranderingen in het totale metabolisme. Om inzicht te krijgen in deze niet 
voorziene veranderingen, werden verschillende experimenten uitgevoerd en met 
metabolic profiling en metabolic fingerprinting verkregen data die werden 
geanalyseerd met multivariate analyse werden deze in kaart gebracht. Verder 
werd door middel van 
13
C-gelabelde precursors metabole flux analyse gemaakt. 
Experimenten met C. roseus planten werden uitgevoerd om de stress response 
en geanalyseerd met de omics technologieën om de crosstalk tussen 





daarmee de TIA biosynthese verder op te helderen en inzicht te krijgen in de 
regulatie en de functie in de plant door deze systemische benadering.    
Om de regulatie van de accumulatie van TIA in C. roseus in de 4 
dimensies van ruimte en tijd beter te kunnen analyseren werd een HPLC 
methode ontwikkeld en gevalideerd voor de simultane bepaling van acht TIA en 
three precursors (Hoofdstuk 3). Deze methode is geschikt om het TIA profiel in 
verschillende organen van de C. roseus plant te bepalen in verschillende stadia 
van de ontwikkeling van de plant. Bladeren kunnen meer verschillende TIA 
accumuleren dan andere delen van de plant, bovendien in een hogere 
concentraties, met uitzondering van ajmalicine en serpentine, die vooral in de 
wortels geaccumuleerd worden. Vinblastine kon alleen in de de bladeren 
aangetoond worden, ook vindoline kon niet in de wortels aangetoond worden. 
Het bisindolalkaloid anhydrovinblastine werd aangetoond in zowel de bloemen 
als de bladeren, maar niet in de stengel of de wortels. De leeftijd van een blad is 
ook een belangrijke factor voor de biosynthese en accumulatie van de TIA, 
omdat de activiteit van verschillende enzymen gerelateerd is aan de leeftijd van 
een blad (Murata et al. 2008). Wij vonden dat met het ouder worden van de 
bladeren het gehalte aan mono-indolalkaloiden afneemt, terwijl het gehalte van 
hun precursors tryptophan en loganin toeneemt. Het hoogste gehalte van 
bisindolalkaloiden werd gevonden in de middelste groep van bladeren. De 
gehaltes van de verschillende TIA hangt ook samen met het groeistadium van 
de C. roseus plant. De gehaltes van vindoline, catharanthine en ajmalicine 
nemen toe voor de bloei, maar nemen af gedurende de bloei, terwijl 
anhydrovinblastine en vinblastine vooral accumuleren gedurende de bloei. De 
bloei heeft geen effect op de gehaltes van serpentine en vindolinine. 
Catharanthus roseus is niet alleen een belangrijke medicinale plant, maar 
het is ook een zeer gewaardeerde sierplant vanwege zijn lange bloeiperiode en 
de diversiteit van bloemkleuren. Voor de plantenveredeling is het interessant om 
te onderzoeken of de metabole profielen van de verschillende organen (blad, 
stengel, wortel) correleren met de metabolieten die verantwoordelijk zijn voor 
de bloemkleur, om daarmee in een vroeg stadium voor de bloei al de 
bloemkleur van nieuwe kruisingen te kunnen voorspellen. Bovendien kan een 
vergelijking van de profielen van de metabolieten in de verschillende organen 
informatie geven over mogelijke metabolische interacties tussen deze organen, 
inclusief interacties van de TIA biosyntheseweg met andere biosynthesewegen. 
1
HNMR spectroscopie gebaseerde profilering van metabolieten en multivariate 
data analyse werden toegepast om de profielen in bladeren, stengels, wortels en 
bloemen te meten en de metabolieten te identificeren in vier cultivars met 
verschillende bloemkleuren (oranje, rose, paars en rood) (Hoofdstuk 4). Iedere 
bloemkleur liet een specifiek profiel van metabolieten zien, waarin, onder 
anderen, anthocyanen, flavonoiden, organische zuren en suikers geidentificeerd 
werden. De verschillende organen laten ook andere profielen zien dan de 
bloemen. Echter in de metabolomen van de bladeren, stengels en wortels 





metabolieten die betrokken zijn bij bepaalde bloemkleuren hangen mogelijk 
samen met metabole interacties tussen de organen. Dit betekent voor de 
plantenveredeling dat een specifieke kleur mogelijk al voorspelt kan worden 
lang voor de bloei.  
Jasmonate (JA) veroorzaakt majeure veranderingen in het metabolisme van 
een plant, zoals bijvoorbeeld de TIA biosynthese in C. roseus plantencelcultures. 
Het effect van de behandeling met JA op het metabolisme in verschillende 
organen in verschillende fases van de groei van de C. roseus plant werd 
onderzocht. Daarbij was met name de focus op de TIA biosynthese (Hoofdstuk 
5). In C.roseus planten wordt voor de bloei het gehalte van TIA meer verhoogd 
door JA, dan in bloeiende planten. Alhoewel sommige van de waargenomen 
trends statistisch niet relevant zijn, werden vergelijkbare resultaten gevonden in 
de tweede set van experimenten. De TIA biosynthese in bloemen, bladeren en 
wortels vertoonde verschillende reacties op de elicitatie met JA. Het gehalte aan 
JA in de plant was veel hoger voor de bloei. Geen verschillen werden gevonden 
voor JA en MeJA elicitatie, wat erop wijst dat deze twee vormen van JA in de 
plant dezelfde reactie oproepen. De resultaten zijn mogelijk van belang voor de 
commerciele alkaloid productie in het veld, omdat jongere bladeren de hoogste 
gehaltes hebben van de precursors voor de synthese van de dimere alkaloiden.  
Metabolic engineering van C. roseus celcultures en hairy-root cultures 
heeft niet geleid tot een productie van de bisindolalkaloiden. Deze alkaloiden 
worden evenals een van de precursors, vindoline, alleen in de bladeren 
geproduceerd en opgeslagen. Dus genetische modificatie van de hele plant is 
noodzakelijk om mogelijk tot verhoogde bisindolalkaloid productie te komen. 
In Hoofdstuk 6 wordt de NMR-spectroscopie gebaseerde metabolomics 
beschreven van transgene C. roseus planten waarin of het regulatore eiwit 
ORCA3 alleen (OR lijnen) of in combinatie met het TIA biosynthetische 
enzyme geraniol 10-hydroxylase (G10H)(GO lijnen) tot overexpressie is 
gebracht. ORCA3 overexpressie leidt tot een verhoogde niveaus van de 
transcripten van anthranilate synthase (Asa), tryprophan decarboxylase (Tdc), 
strictosidine synthase (Str) en desacetoxyvindoline-4-hydroxylase (D4h), maar 
er werd geen effect gezien op de transcript niveaus van G10h en Myc2. Uit de 
NMR metabolomics bleek dat ORCA3 and G10H overexpressie resulteerde in 
verhoogde gehaltes van strictosidine, vindoline, catharanthine en ajmalicine, 
maar weinig effect had op de gehaltes van anhydrovinblastine en vinblastine. 
Verder bleek uit de multivariate analyse van de NMR-spectra dat in vergelijking 
met de controles in zowel GO als OR lijnen er metabolome veranderingen 
waren wat betreft aminozuren, organische zuren, suikers en fenylpropanoiden. 
De verhoogde TIA biosynthese lijkt dus ook andere delen van het metabolisme 
te beinvloeden in de transgene C. roseus planten, en met name de 
fenylpropanoiden biosynthese. 
In Hoofdstuk 7 wordt de analyse van de metabole fluxen in C. roseus 
planten beschreven door middel van het voeden van [1- 
13
C]-gelabelde glucose. 





wordt vandaar verspreid over de hele plant. De plant bereikt een soort “steady 
state” isotopische staat in deze labeling experimenten. Deze methode is dus 
bruikbaar om de flux in de biosynthese van verschillende eindproducten in een 
meer systemische benadering te bestuderen. In combinatie met elicitatie lijkt de 
13
C metabole flux analyse een goed model om de crosstalk tussen de complexe 
biosynthesewegen in het metabole netwerk van een plant te bestuderen. 
Perspectieven 
De TIA biosynthese op zich is complex, maar is ook nog deel van een veel 
groter en complexer metabool netwerk in de plant. Kloneren en karakteriseren 
van structurele biosynthetische genen, de regulatie van de biosynthese door 
transcriptie factoren, localisatie van de verschillende stapen in de biosynthese, 
intra- en intercellulair transport van intermediairen, en controle van metabole 
fluxen bij vertakkingen in biosynthesewege vragen nog veel studie om 
uiteindelijk tot rationele genetische modificaties te komen die leiden tot 
verhoogde productie van de gewenste TIA. Een combinatie van de omics 
gereedschappen, biochemie, fytochemie en plantenfysiologie is noodzakelijk 
om genoemde aspecten te onderzoeken. Metabolic profiling/fingerprinting 
alleen zijn niet voldoende, ook de flux analyse is noodzakelijk om de 
architectuur en regulatie van de TIA biosynthese volledig in kaart te brengen. 
Om de TIA biosynthese beter te begrijpen is een systeem biologische 
benadering noodzakelijk, dat wil zeggen studies op het niveau van de levende 
cel, orgaan en plant. Om het systeem te begrijpen moeten we alle struturele 
genen kennen, maar ook processen zoals: 
- Transport, wat inhoudt fysisch transport door diffusie in waterige 
oplossing en door membranen; actief en selectief transport door 
(sub)cellulaire membranen via transporter eiwitten in twee richtingen; 
en transport via de vaten van de bladeren naar de wortels en 
omgekeerd. 
- De beschikbaarheid van co-factoren and energie (ATP) op de plaats 
van de biosynthese. 
Met andere woorden we moeten de logistiek van de cel als fabriek 
begrijpen, wat meer is dan de betrokken genen kennen. Biosynthese vereist dat 
alles in de noodzakelijke hoeveelheid op het juiste ogenblik op de juiste plaats 
aanwezig is. Systeem biologie moet de inzichten verschaffen voor synthetische 
biologie die, zo mogelijk, een strategie ontwikkelt om de celfabriek te 
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